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ABSTRACT 

KLF4 (Kruppel-like factor 4 or gut-enriched Kruppel-like 
factor, GKLF) and KLF5 (Kruppel-like factor 5 or 
intestinal-enriched Kruppel-like factor, IKLF) are two 
closely related members of the zinc finger-containing 
Kruppel-like factor family of transcription factors. 
Although both genes are expressed in the intestinal 
epithelium, their distributions are different: Klf4 is 
primarily expressed in the terminally differentiated 
villus cells while Klf5 is primarily in the proliferating 
crypt cells. Previous studies show that Klf4 is a nega- 
tive regulator of cell proliferation and Klf5 is a positive 
regulator of cell proliferation. In this study, we demon- 
strate that Klf5 binds to a number of c/s-DNA elements 
that have previously been shown to bind to Klf4. 
However, while Klf4 activates the promoter of its own 
gene, Klf5 suppresses the Klf4 promoter. Moreover, 
Klf5 abrogates the activating effect of Klf4 on the Klf4 
promoter and Klf4 abrogates the inhibitory effect of 
Kits on the same promoter. An explanation of this 
competing effect is due to physical competition of the 
two proteins for binding to cognate DNA sequence. The 
complementary tissue localization of expression of 
Klf4 and KlfS and the opposing effect of the two Klfs on 
the Klf4 promoter activity may provide a basis for the 
coordinated regulation of expression of the Klf4 gene in 
the intestinal epithelium. 

INTRODUCTION 

Kruppel-like factors (KLFs) are zinc finger-containing tran- 
scription factors that exhibit homology to the Drosophila 
melanogaster segmentation gene product Kriippel (1). A 
subfamily of mammalian KLFs highly related to the erythroid 
Kruppel-like factor (EKLF/KLF1 ) has recently been described 



(2). This rapidly expanding subfamily currently has 12 members, 
which have been given numerical designations by the Human 
Gene Nomenclature Committee (3). KLFs can be transcriptional 
activators or repressors (4) and they bind to a similar DNA 
sequence that has either a CACCC homology or is rich in 
GC content (5). It is therefore not surprising that KLFs may 
interact with the same c/5-element in the same gene. For 
example, both KLF12/AP2-rep and KLF9/BTEB1 bind to the 
CACCC element in the AP2a promoter (6). But, while KLF12 
acts as a repressor, KLF9 acts as a strong activator of the AP2a 
promoter (6). In another example, both KLF6/Zf9 and KLF4/ 
GKLF activate the human keratin 4 promoter through the 
CACCC motif and the two factors physically interact (7). 
Finally, both KLF4/GKLF and KLF5/IKLF bind to the 
CACCC element in the a- smooth muscle and SM22a 
promoters (8). In this case, KLF4 represses while KLF5 activates 
the induction of these two promoters by TGFp (8). 

The reciprocal effect of KLF4 and KLF5 in regulating gene 
expression merits additional consideration. Aside from their 
opposing biochemical effects on several smooth muscle gene 
promoters as described above, the cellular distribution and 
regulatory functions of KLF4 and KLF5 also exhibit an opposite 
pattern. For example, while Klf4 is mainly expressed in the 
post-mitotic differentiated villus epithelial cells of the intestinal 
tract (9), Klf5 is found primarily in the proliferating crypt cells 
(10). The cellular distribution of the two genes in the epidermis 
of the skin also mirrors that in the intestinal epithelium (1 1-13). 
In vitro, expression of Klf4 is associated with a process of 
growth arrest (9), while that of Klf5 mainly accompanies 
cellular proliferation (14). Moreover, forced expression of Klf4 
leads to a G,/S cell cycle arrest (15,16) but that of Klf5 causes 
a transformed phenotype (14). 

Because of the relatively restricted pattern of tissue expres- 
sion of Klf4, we have been characterizing factors that regulate 
its expression. One such factor, Cdx2, previously shown to 
drive differentiation of intestinal epithelial cells (17), is shown 
to be a transacti vator of the Klf4 promoter ( 1 8, 1 9). In addition, 
Klf4 is capable of transactivating the promoter of its own gene 
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through three closely spaced GC-boxes within the promoter 
(18). The present study demonstrates that Klf5 binds to the 
same DNA ds-elements as Klf4, including those within the 
Klf4 promoter. However, while Klf4 activates, Klf5 represses 
Klf4 promoter activity. Furthermore, the two factors can abrogate 
each other's effect on the Klf4 promoter. Lastly, the two factors 
compete with each other for binding to the same c/s-element. 
The results of these studies suggest that Klf4 and Klf5 have 
opposing biochemical functions in regulating expression of the 
Klf4 gene and may potentially be involved in a coordinated 
effort to orchestrate the proliferative and differentiated pheno- 
type of the intestinal epithelium. 

MATERIALS AND METHODS 

Plasmid constructs 

The eukaryotic expression construct containing full-length 
Klf4 (PMT3-Klf4) and the luciferase reporter construct 
containing 1 .0 kb of the 5' flanking promoter region of the Klf4 
gene (K7/4-pGL2-Luc if erase) were previously described (18). 
The expression construct containing full-length Klf5, pBK 
CM V-Klf5, was generously provided by J. Lingrel (University 
of Cincinnati, College of Medicine) (10). An EcoRl-Kpnl 
fragment of the full-length Kip cDNA from pBK CMV-Klf5 
was subcloned into the PMT3 vector to create PMT3-Klf5. 
The two PMT3 constructs were digested with appropriate 
restriction endonucleases to release the zinc finger portions of 
Klf4 and Klf5, which were then subcloned back into the PMT3 
vector to create PMT3-Klf4-ZF and PMT3-Klf5-ZF, respec- 
tively. The internal control for transfection, pRL-CMV, was 
purchased from Promega Corporation (Madison, WI). 

The prokaryotic expression vector pET-16b containing the 
zinc finger portion of Klf4 (amino acids 350-483) has previ- 
ously been described (20). The C-terminal portion of Klf5 
between amino acids 242 and 446 was cloned into the prokaryotic 
expression vector pETlOl/D. Both recombinant proteins 
contained a 10-histidine tag at the N-terminus and were purified 
by nickel affinity chromatography as described before (20). 
The apparent molecular weight for the resultant recombinant 
protein was 1 8 and 26 kDa, respectively, for Klf4 and Klf5. 

Preparation of nuclear extracts 

Nuclear extracts containing full-length Klf4 or full-length Klf5 
were prepared from COS-1 cells transfected with PMT3-Klf4 
or PMT3-Klf5. Nuclear extracts from cells transfected with 
PMT3 alone were used as controls. Extracts from transfected 
cells were prepared as previously described (18). Briefly, 
transfected cells were rinsed with ice-cold phospate-buffered 
saline, scraped, harvested and pelleted. The pellets were 
washed with 4 pack cell volume (p.c.v.) of solution containing 
10 mM Tris-HCl pH 7.8, 1.5 mM MgCl 2 , 10 mM KC1, 0.5 mM 
DTT and a Complete Protease Inhibitor Cocktail Tablet 
(Roche, Indianapolis, IN). Following 10 min incubation on ice, 
the cells were lysed by 10 strokes of a Dounce homogenizer. 
Nuclei were collected by centrifugation (Sorvall Microspin) 
and resuspended in 2 p.c.v. of a lysis solution containing 420 mM 
KC1, 20 mM Tris-HCl pH 7.8, 1.5 mM MgCl 2 , 0.5 mM DTT, 
20% glycerol and a Complete Protease Inhibitor Tablet 
(Roche). After incubation for 1 h at 4°C with gentle agitation, 
the solution was centrifuged and the supernatant dialyzed 
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twice against 500 ml of 20 mM Tris-HCl pH 7.8, 100 mM 
KC1, 0.2 mM EDTA, 0.5 mM DTT, 20% glycerol and a 
Complete Protease Inhibitor Tablet (Roche). Extracts were 
divided into small aliquots and immediately cryopreserved. 

Electrophoretic mobility shift assays (EMS As) 

EMSAs were performed according to previously published 
protocols (9,20). The basic transcription element (BTE) probe 
contained a sequence in the promoter of the cytochrome 
P450JAJ gene that had previously been shown to bind to Klf4 
(21). The target detection assay (TDA) probe was a previously 
selected consensus-binding site for KLF4 (20) and closely 
resembled the three GC-boxes in the promoter of the Klf4 gene 
(18). The GC-2 probe refers to the GC-box 2 sequence in the 
Klf4 promoter between nucleotide -108 and -86 that has 
previously been shown to bind Klf4 (18). Probes were labeled 
with [y- 32 P]ATP using T4 polynucleotide kinase. In each reaction, 
0.5 pmol of labeled probe was used. Nuclear extracts from 
PMT3-, PMT3-Klf4- or PMT3-Klf5-transfected cells, or puri- 
fied recombinant Klf4 or Klf5 were incubated in a volume of 
30 u,l containing 20 mM Tris-HCl pH 7.2, 10 mM MgCl 2 , 
150 mM NaCl, 20 mM KC1, 5 uJvl ZnCl 2 , 0.5 mM DTT, 5% 
glycerol and 2 |Xg poly(dI°dC) on ice for 30 min. The labeled 
probe was then added to the reaction and the incubation 
continued for another 15 min at room temperature. The DNA 
and DNA-protein complexes were resolved from one another 
by native 6.0% polyacrylamide gel electrophoresis and visualized 
by autoradiography. 

Transfection and reporter assays 

Transient transfection by lipofection of Chinese hamster ovary 
(CHO) cells with various DNA constructs (A7/4-pGL2-Luci- 
ferase, PMT3-Klf4, PMT3-Klf5, PMT3-Klf4-ZF and PMT3- 
Klf5-ZF) were performed as previously described (9,18,20). 
Transfections were performed in 6-well tissue culture dishes at 
37°C for 16 h. All transfections included the internal standard 
pRI^CMV (Promega) to normalize for transfection efficiency. 
Luciferase and Renilla assays were performed using the Dual- 
Luciferase Assay (Promega). 

RESULTS 

Klf4 and Klf5 bind to similar m-DNA elements 

We first examined whether Klf4 and Klf5 bound to similar 
sequences by EMSAs using radiolabeled oligonucleotides 
containing either an established consensus sequence for Klf4 
(TDA) (20) or the BTE (21). As shown in Figure 1A, two 
common DNA-protein complexes were formed when the TDA 
probe was incubated with nuclear extracts from PMT3-, 
PMT3-Klf4- and PMT3-Klf 5 -transfected cells. However, an 
additional complex was formed in the reaction that contained 
either PMT3-Klf4- or PMT3-Klf5- transfected cells. The 
Klf4-TDA complex is identified by * and the Klf5-TDA 
complex is identified by +. The specificities of all the DNA- 
protein complexes were demonstrated by their gradual disap- 
pearance upon addition of increasing amounts of unlabeled 
probe (Fig. 1A). A similar pattern was observed when BTE 
was used as a probe except that the intensities of the two 
common bands were stronger when compared with the TDA 
probe (Fig. IB). The results suggest that Klf4 and Klf5 bind to 
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Figure 1. EMSAs of Klf4 and Klf5 on two c/>elements, TDA and BTE. 
EMS As were performed using 10 ug nuclear extracts prepared from COS-1 
cells transfected with an expression construct containing vector alone (PMT3), 
full-length Klf4 (PMT3-Klf4) > or full-length Klf5 (PMT3-Klf5) and two 
radiolabeled oligonucleotide probes containing established ris-elements for 
Klf4: TDA (A) and BTE (B). Where indicated, an unlabeled cognate oligo- 
nucleotide was used as a competitor at 5x and lOx molar excess of the labeled 
probe. * represents the shifted Klf4-probe complex and + represents the 
shifted Klf5-probe complex. N.E., nuclear extracts. 



similar DNA elements. Furthermore, both Klf4 and Klf5 
bound to the GC-2 probe (Fig. 2C) which represents one of 
three GC-box sequences in the Klf4 promoter, all of which have 
been shown to bind Klf4 ( 1 8). The specificities of DNA-protein 
interaction with all three probes were further demonstrated by 
the failure of an unrelated API probe to compete for the formation 
of the complexes (Fig. 2A-C). 

KIf4 activates and KIf5 represses the Klf4 promoter 

Recent work from our laboratory showed that Klf4 activates 
the promoter of its own gene by interacting with the GC-boxes 
in the proximal promoter (1 8). To determine whether Klf5 also 
influences the promoter activity of the Klf4 gene, we performed 
co-transfection studies using the K7f4-pGL2-Luciferase reporter 
and a eukaryotic expression construct containing either Klf4 or 
Klf5. As depicted in Figure 3, PMT3-Klf4 significantly activated 
the Klf4 promoter when compared with PMT3 alone, confirming 
previous findings. In contrast, PMT3-Klf5 significantly 
suppressed Klf4 promoter activity when compared with PMT3 
alone. Thus, Klf4 and Klf5 have opposite effects on the activity 
of the Klf4 promoter. 

Klf4 and Klf5 compete to regulate the Klf4 promoter 

To further determine a possible interaction between Klf4 and 
Klf5 on the Klf4 promoter, we performed co-transfection 
experiments using the A7/4-pGL2-Lucif erase reporter, a 
constant amount of PMT3-Klf5 and increasing amounts of 
PMT3-Klf4 or PMT3-Klf4-ZF. As seen in Figure 4A, in the 
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Figure 2. EMSAs of KIf4 and Klf5 on an additional cis-element, GC-2, that is 
present in the Klf4 promoter. EMSAs were performed with 10 ug nuclear 
extracts (N.E.) prepared from cells transfected with PMT3, PMT3-Klf4 or 
PMT3-Klf5 in the absence of any competitors (0), or in the presence of 25 x 
molar excess of a cognate competitor (WT) or an unrelated competitor (API). 
Probes used include TDA (A), BTE (B) and GC-2 (C). * represents the shifted 
Klf4~probe complex and + represents the shifted Klf5-probe complex. 



absence of any competing Klf4, Klf5 suppressed the reporter 
activity, as in Figure 3. The addition of Klf4 removed this 
inhibitory effect in a dose-dependent fashion (solid line). In 
contrast, a construct including only the zinc finger portion of 
Klf4 failed to reverse the inhibitory effect on the Klf4 promoter 
(dashed line). Similarly, in a converse experiment with PMT3- 
Klf4 as the primary effector and Klf5 as the competing effector 
(Fig. 4B), Klf5 (solid line) but not Klf5-ZF (dashed line) abro- 
gated the stimulatory effect of Klf4 on the Klf4 promoter 
activity. These results indicate that Klf4 and Klf5 not only 
exhibit an opposite effect on the Klf4 promoter, they actively 
compete with each other. Moreover, this competitive effect 
requires the full-length protein. The zinc fingers alone are not 
sufficient. 

Klf4 and KIf5 compete with each other for DNA binding 

One possibility that may explain the competing effects of Klf4 
and Klf5 on the Klf4 promoter is that the two proteins may 
compete with each other for binding to DNA. To address this 
possibility, we produced purified partial-length recombinant 
proteins that contained the zinc finger region of Klf4 and Klf5 
(Fig. 5A). When incubated individually with a labeled GC-2 
probe, each protein interacted avidly with the probe (Fig. 5B). 
We next performed EMSA of GC-2 using a constant amount of 
recombinant Klf4 and increasing amounts of Klf5. As seen, 
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Effector: PMT3 PMT3-Klf4 PMT3-Klf5 
Reporter: K/f~4-pGL2 -Luciferase 

Figure 3. The opposite effects of Klf4 or Klf5 on the Klf4 promoter. Five 
micrograms each of the K7/4-pGL2-Luciferase reporter and PMT3, PMT3-Klf4 
or PMT3-Klf5 and 2 u.g pCMV-RL were co-transfected into CHO cells using 
Lipofectamine reagent (Promega). Firefly and Renilla luciferase assays were 
determined 24 h after transfection. Shown are the means of three independent 
experiments (n = 3) performed in triplicate. Relative luciferase activity was 
standardized with the internal control Renilla luciferase activity. Bars represent 
standard deviations. ** = P < 0.01, *** = P < 0.001 by Student's /-test compared 
with PMT3 vector control. 

Klf5 reduced the binding of Klf4 to the probe in a dose- 
dependent fashion (Fig. 5C). Similarly, if an increasing 
amount of Klf4 was incubated with a constant amount of Klf5, 
the binding of Klf5 to the probe also gradually diminished 
(Fig. 5D). These results indicate that Klf4 and Klf5 compete 
with each other in binding to DNA. 

DISCUSSION 

The present study demonstrates how two closely related Klfs 
exert their effects on transcription of a target gene in an 
opposing manner. We show that Klf5 binds to several cis- 
elements previously established to be the binding sites for 
Klf4, including TDA, BTE and GC-2, the last a native cis- 
element in the Klf4 promoter. However, while Klf4 activates 
the promoter activity of its own gene, Klf5 has exactly the 
opposite effect. Moreover, when present together, the two Klfs 
interfere with each other in modulating the Klf4 promoter 
activity. We also show that a possible explanation for this 
interfering effect is due to competition of the two proteins for 
binding to DNA. 

Opposing effects of other KLFs on the promoters of several 
other genes have previously been described. For example, Klf4 
suppresses the activity of the cytochrome p4501Al (CYP1A1) 
promoter while Spl activates it in a BTE-dependent fashion 
(21). Also, similar to the present study, Klf4 abrogates the 
stimulatory effect of Spl on the CYP1A1 gene in a dose- 
dependent manner. In this case, it was shown that the zinc 
fingers of Klf4 compete for binding to BTE with Spl (21). It is 
of interest to note that KLF5, also known as BTEB2 (10), is a 
strong activator of the CYPJA1 promoter (22). The findings on 
the CYPJAJ promoter would then be the first example in which 
KLF4 and KLF5 antagonize each other in regulating promoter 
activity. In another example, KLF4 and KLF5 bind to the same 
CACCC element present in the promoters of two smooth 
muscle genes, a-smooth muscle actin and SM22a (8). Here, 
KLF4 inhibits TGFp-dependent stimulation of the SM22a 
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Figure 4. The competing effects of Klf4 and Klf5 on the Klf4 promoter. 
(A) Five micrograms each of K7/4-pGL2-Luciferase reporter and effector 1 
(PMT3-Klf5) were co-transfected into CHO cells in presence of increasing 
amounts of effector 2: either PMT3-Klf4 (solid line) or PMT-Klf4-ZF 
(dashed line). (B) Five micrograms each of K7/4-pGL2-Lucif erase reporter 
and effector 1 (PMT3-Klf4) were co-transfected into CHO cells with increasing 
amounts of effector 2: either PMT3-Klf5 (solid line) or PMT3-Klf5-ZF 
(dashed line). The total amount of DNA transfected was kept constant at 25 ug 
by the addition of PMT3 DNA. Firefly and Renilla luciferase assays were 
determined 24 h after transfection. Shown are the means of four independent 
experiments (n = 4) performed in triplicate. The relative activity was deter- 
mined from dividing the reporter activity of effector 1 -transfected cells by that 
of PMT3 -transfected cells. Bars represent standard deviations. * = P < 0.05, ** 
= P < 0.01 by Student's /-test comparing fijll-length with zinc linger only-contain- 
ing constructs. 

promoter while KLF5 further activates TGFp-dependent 
stimulation of the same promoter (8). Thus, evidence from 
literature to date indicates that KLF4 and KLF5 exert opposite 
effects on the promoters of the genes studied. 

It should be noted that the biochemical behavior of KLF4 
and KLF5 described above is a reflection of their biological 
behavior. For example, the cellular distribution of the two Klfs 
in several epithelial tissues is complementary, rather than 
redundant, to each other. Thus, Klf4 is mainly expressed in the 
post-mitotic villus epithelial cells of the intestine (9) and the 
suprabasal epidermal cells of the skin (11), while Klf5 is 
expressed mostly in the proliferating cells of the crypt in the 
intestine (10) and the basal epidermal cells of the skin (13). 
Moreover, the pattern of expression of the two genes in vitro 
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Figure 5. The competing effects of KIf4 and Klf5 on binding to DNA. (A) Purified recombinant proteins containing the zinc finger portion of Klf4 (*) and Klf5 
(+) are shown in this Commassie blue-stained gel. The apparent molecular weight for Klf4 is 1 8 kDa and that for Klf5 is 26 kDa. The arrow points to a degradation 
product of Klf5, which apparently binds to DNA (B). (B) EMSAs of recombinant Klf4 and Klf5 on the GC-2 probes. Increasing amounts of purified recombinant 
Klf4 or Klf5 were used in the experiment. (C) EMSAs were performed using a constant amount of recombinant Klf4 and increasing amounts of Klf5. (D) EMSAs 
were performed with a constant amount of recombinant Klf5 and increasing amounts of Klf4. 



contrasts each other. Klf4 is mainly expressed in the growth- 
arrested cells due to serum deprivation (9), contact inhibition 
(9) or DNA damage (21). Expression of A7/5, on the contrary, 
is associated with a proliferative state as seen during serum or 
mitogenic stimulation (14). Based on the results of current and 
past studies, one may speculate that the lack of crypt expres- 
sion of Klf4 in the intestinal crypt epithelium may, in part, be 
due to the presence of Klf5 in this compartment. 

A potential mechanism that may explain how Klf4 and Klf5 
compete with each other to regulate the activity of the Klf4 
promoter appears to be exerted at the level of DNA-protein 
interaction. As demonstrated in Figure 5, Klf5 actively inhibits 
the binding of Klf4 to the GC-2 probe, and vice versa. 
However, the zinc finger portion of one Klf is not sufficient in 
reversing the effect of the other Klf on the activity of the Klf4 
promoter (Fig. 4). These results indicate that amino acid 
sequence outside the zinc fingers of both proteins is required 
for the full regulation of the Klf4 promoter. Klf4 has previously 
been shown to be a pleiotropic transcription factor, with acti- 
vating and repressing effects (23). Mutational studies have also 
located the activating and repressive domains to regions 
outside the zinc fingers in the Klf4 polypeptide (24). KLF5, 
although known to be a transcription activator in most studies 
(10,22), can act as a repressor (25). One might therefore expect 
that some of these domains involved in transcriptional regulation 
by the two proteins are responsible for the interplay noted in 
the current study. 

The opposing effects of Klf4 and Klf 5 are reminiscent of the 
opposing effects of Cdxl and Cdx2 along the crypt-villus axis 
of the intestinal epithelium. CDX1 and CDX2 are homeo- 
domain transcription factors with sequence homology to the 
caudal gene of D.melanogaster, which in mammals are 
specifically expressed in the epithelium of small intestine and 
colon (26-29). Cdxl is expressed in the proliferating crypt 
cells (27,30,31) while Cdx2 is expressed predominantly in the 
differentiated villus cells (28,32). Several studies have shown 
that CDX1 regulates cell proliferation (33,34) and CDX2 
regulates cell differentiation and growth arrest (17,35). 

Of interest, we have recently reported that the intestinal gate- 
keeper adenomatous polyposis coli (APC) induces Klf4 
expression via Cdx2 (19). APC is a cytoplasmic protein that 



modulates the oncogenic Wnt signal transduction cascade by 
binding to P-catenin and promoting its phosphorylation by 
glycogen synthase kinase 3 (5 (GSK3P), for subsequent degrad- 
ation (36). Our previous data, which showed that APC activation 
of Klf4 via Cdx2 occurred through a p-catenin independent 
pathway, have led to our proposal that these three proteins 
form a part of an enterocyte-specific tumor suppressor 
pathway in the sequence of APC -> CDX2 -» KLF4 -> growth 
arrest (19). This pathway may become active as epithelial cells 
migrate up the intestinal villus and undergo differentiation 
with the simultaneous loss of proliferative potential. Interest- 
ingly, Wnt, which is the product of a proto- oncogene with 
opposing effects to APC, can up-regulate CDX1 but not CDX2 
expression (37). Moreover, Wnt has recently been reported to 
induce mouse KLF5/BTEB2 through a p-catenin independent, 
protein kinase C dependent pathway (38). A search of the 
mouse Klf5 promoter (DDBJ/EMBL/GenBank accession no. 
AF285184) reveals several potential CDX1 binding sites (39). 
We may postulate that KLF5 is regulated by Wnt via CDX1 in 
the proliferating intestinal crypt cells while KLF4 is regulated 
by APC via CDX2 in the differentiating intestinal villus cells. 
Crosstalk and negative regulation between these opposing 
pathways, at the level of KLF4 and KLF5 as shown in this 
paper, as well as possibly higher levels involving CDX1, 
CDX2, Wnt and APC, tightly coordinate the intestinal epithelial 
cells as they proliferate, migrate and differentiate. Current 
studies are underway to address these interactions. 
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ABSTRACT. Reactive oxygen species such as super- 
oxide and hydroxyl radicals have been implicated in the 
pathogenic growth of various cell types. The molecular 
mechanisms involved in redox-sensitive cell growth 
control are poorly understood. Stimulation of cultured 
vascular smooth muscle cells (VSMC) with xanthin/ 
xanthin oxidase (X/XO) increases proliferation, 
whereas stimulation with hydrogen peroxide and 
Fe 3+ NTA (H-Fe) causes growth arrest of VSMC. Dif- 
ferential Display led to the identification of two novel, 
differentially regulated redox-sensitive genes. The 
dominant negative helix-loop-helix protein Id3 is in- 
duced by X/XO and down-regulated by H-Fe. The 
transcription factor gut-enriched Kruppel-like factor 
(GKLF) is induced by H-Fe but not by X/XO. Induction 
of GKLF and inhibition of Id3 via transfection experi- 
ments leads to growth arrest, whereas overexpression 
of Id3 and inhibition of GKLF cause cell growth. Id3 
down-regulation is induced via binding of GKLF to the 
Id3 promotor and concomitantly reduced Id3 gene 
transcription rate. GKLF induction by H-Fe is mediated 
through hydroxyl radicals, p38MAP kinase-, calcium-, 
and protein synthesis-dependent pathways. Id3 is in- 
duced by X/XO via superoxide, calcium, p38, and 
p42/44 MAP kinase. GKLF induces and Id3 depresses 
expression of p 21 WAiri/Ci P l , pW m \ p53. Induction of 
Id3 is accomplished by angiotensin II via superoxide 
release. A vascular injury mouse model revealed that 
Id3 is overexpressed in proliferating vascular tissue in 
vivo. These findings reveal novel mechanisms of redox- 
controlled cellular proliferation involving GKLF and 
Id3 that may have general implications for our under- 
standing of vascular and nonvascular growth control. — 
Nickenig, G., Baudler, S., Muller, C, Werner, N., 
Welzel, H., Strehlow, K, Bohm, M. redox-sensitive 
vascular smooth muscle cell proliferation is mediated 
by GKLF and Id3 in vitro and in vivo. FASEB J. 16, 
1077-1086 (2002) 

Key Words: reactive oxygen species * VSMC • proliferation 
• gene expression 

Reactive oxygen species (ROS) such as superoxide 
(0 2 ), hydrogen peroxide, and hydroxyl anions (OH ) 



are involved in a multiplicity of pathological settings 
such as inflammation, cancer development, and vascu- 
lar lesions (1—3). ROS exert direct cellular damage and 
mitogeni city, serve as intracellular second messengers, 
and scavenge vasoprotective nitric oxide (1-5). Among 
other factors, the induction of cellular growth in tumor 
cells and vascular smooth muscle cells (VSMC) by ROS 
is of fundamental relevance. 0 2 induces a wide array of 
second messengers typical of mitogens (3, 6, 7). In 
contrast, data concerning the role of OH' in cell 
proliferation are conflicting. Hypertrophic as well as 
apoptotic effects have been ascribed to OH , for exam- 
ple, in VSMC (8-10). Proliferation, growth arrest, and 
apoptosis are key steps in various states of atherogenesis 
and tumor progression; therefore, it is crucial to dissect 
not only the potentially differential influence of various 
ROS on cell growth but to clarify die molecular events 
that govern ROS-induced regulation of proliferation. 
We investigated potential differential effects of radicals 
on VSMC growth and monitored its influence on genes 
such as cyclin-dependent kinase inhibitors (11-13), 
which are involved in control of cell proliferation. To 
identify currently unknown gene expression alterations 
devoted to VSMC growth, we chose an unbiased gene 
hunting approach, the differential display technique. 
The latter enabled identification of two redox-sensitive 
genes engaged in proliferation pathways. 



MATERIALS AND METHODS 
Cellular proliferation 

The rate of cellular proliferation was determined using cell 
proliferation EL1SA (Roche Molecular Biochemicals, Mann- 
heim, Germany) via BrdU incorporation into new synthesized 
DNA according to the manufacturer's protocol. Each exper- 
iment was performed in triplicate. VSMC were plated on 
microliter plates at 10 4 cells per well. After 12 h, cells were 
serum starved for 24 h and treated with ROS for 24 h. BrdU 
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was added at a final concentration of 10 pM and cells were 
reincubated an additional 12 h at 37°C. Cells were fixed with 
fixation solution for 30 min at room temperature and incu- 
bated with 100 jxL anti-BrdU peroxidase-labeled antibody for 
90 min. After three washings, the substrate solution for the 
colorimetric quantification was added at a final concentration 
of 100 pL/mL and left at room temperature for 5-30 min 
until color development was sufficient for photometric detec- 
tion. 

For cell counting, cells were treated with ROS for 12 h, 
removed from the culture dish by addition of trypsin, and 
pelleted. The pellet was resuspended in 1 mL DMEM and 
cells were counted in a Neubauer chamber. 

Apoptosis 

The rate of apoptosis in ROS-treated cells was assessed using 
the Cell Death Detection ELISA PLUS System (Roche Molecu- 
lar Biochemicals). The test principle is based on determina- 
tion of the amount of nucleosomes generated during the 
apoptotic fragmentation of cellular DNA. Cells were scraped 
and collected by centrif ligation for 5 min at 1500 rpm 
(Heraeus Megafuge 1.0) and washed in 1 mL DMEM. The 
pellet was resuspended in 0.5 mL incubation buffer and left at 
4°C for 30 min. After centrifugation for 10 min at 15,000 rpm 
and 4°C in a microcentrifuge, 200 pL of supernatant was 
diluted in "1.8 mL of incubation buffer and 100 pL of each 
sample was incubated in anti-histone-coated microti ter plate 
wells for 90 min, the wells were washed three times with 
incubation buffer and 100 pL of anti-DNA peroxidase-linked 
antibody was added, followed by further incubation for 90 
min. After three washing steps with incubation buffer, 100 pL 
of ABTS® substrate solution for the peroxidase was added; 
after 10-20 min, the rate of apoptosis was determined by 
photometric measurement at 492 nm. 

RNA isolation 

Total RNA from ROS-treated and control cells was isolated 
using PEQGold RNAPure (PeqLab, Erlangen, Germany) ac- 
cording to the manufacturer's protocol. To eliminate false 
positives generated from genomic DNA, RNA was treated with 
10 U RNase-free DNasel (Roche Molecular Biochemicals) for 
30 min at 37°C and extracted with phenol/chloroform. 

Differential display 

Differential display of mRNA was carried out using the 
RNA image mRNA Differential Display System (GenHunter 
Corporation, Nashville). Two micrograms of purified total 
RNA was reverse transcribed using one of the three pro- 
vided H-T,,-M-Primers (M: A, T, or G) and cDNA repre- 
senting 200 ng of RNA was submitted to the Differential 
Display PCR using the respective H-T M -M primer and one 
of eight arbitrary primers provided, 1 U of AmpliTaq DNA 
polymerase (Perkin-Elmer Corp., Ueberlingen, Germany) 
and 2 pCi a-f 33 PJdATP (ICN Biomedicals, Eschwege, Ger- 
many) per reaction. PCR was carried out using 40 cycles of 
94°C for 30 s, 42°C for 2 min, 72"C for 30 s, followed by a 
final extension step at 72 °C for 5 min. PCR products were 
resolved on a 6% denaturing polyacrylamide gel in IX 
TBE, followed by autoradiography. Reproducibly differen- 
tially expressed bands were cut out of the gel and the cDNA 
was eluted by boiling for 15 min. The gel debris was 
pelleted by centrifugation and the supernatant was trans- 
ferred to a fresh microcentrifuge tube. The DNA was 
precipitated by addition of 100% ethanot, incubation on 
dry ice for 30 min, and centrifugation at 4°C in an 



Eppendorf microcentrifuge. The pellet was washed with 
85% v/v ethanol, dried, and resuspended in ddH 2 0. 
Reamplincation of the purified cDNA was performed using 
the same primer set and PCR conditions used for the 
differential display PCR. Reamplified cDNAs were either 
directly sequenced using the respective arbitrary primer or 
after cloning into the pCR2.2 vector (Invitrogen BV, 
Groningen, Netherlands) via the TA cloning method. 

Northern blot and PCR 

Fifteen micrograms of total RNA were electrophoresed on an 
1.2% agarose/0.67% formaldehyde gel. After electrophoresis, 
RNA was transferred on Hybond N nylon membrane (Amer- 
sham Pharmacia Biotech, Freiburg, Germany). PCR frag- 
ments of 897 bp (1D3) and 1456 bp gut-enriched Kruppel-like 
factor (GKLF) were radiolabeled with a-[ 32 P]-dCTP (ICN 
Biomedicals, Eschwege, Germany) using the Prime-It® 11 
Random Primer Labeling Kit (Stratagene, La Jolla, CA). 
Membranes were prehybridized in a solution containing 50% 
formamide, 6X SSC (standard saline citrate), 0.5% SDS, 5X 
Denhard's solution, and 100 pg/mL salmon testes DNA 
(Sigma-Aldrich GmbH, Taufkirchen, Germany) for at least 30 
min at 42°C. Hybridization was carried out in hybridization 
solution containing 50% formamide, 6X SSC, 0.5% SDS, 100 
pg/mL salmon testes DNA, and the denatured radiolabeled 
probe in an overnight incubation at 42 °C. Membranes were 
washed twice with 2X SSC and two to four times with 2X 
SSC/0.1% SDS at 50-65°C, sealed in a plastic bag, and 
submitted to autoradiography. 

For semiquantitative RT-PCR, 2 pg of total RNA from 
ROS-treated and control cells was reverse transcribed using 
100 pmol of p(dN 6 )-oligonucleotide-Primer (Roche Molecu- 
lar Biochemicals) and 200 L { of MMLV Reverse Transcriptase 
(Gibco BRL, Karlsruhe, Germany) in the supplied buffer for 
reverse transcription and 10 U RNasin (Promega, Heidel- 
berg, Germany). One microliter of each reaction was used for 
PCR with 50 pmol each of the respective primers for ampli- 
fication of ld3 (sense: 5'-CGACATGAACCACTGCTACTC-3', 
antisense: 5'-CGTQ\GTGGCAAAAACTCCTC-3') or GKLF 
(sense: 5'-CAACGACCTCCTGGACCTAGA-3'. antisense: 5'- 
TTCCTCGGGACTGAGTGTAGG-3 ' ) in red Tag PCR buffer, 
dNTP mix and 1.25 U of red Taq DNA polymerase (Sigma- 
Aldrich GmbH). PCR conditions were one 5 min cycle of 
95°C, followed by 25 cycles (GAPDH: 23 cycles) of 94°C for 
30 s, 57°C (Id3), or 60°C (GAPDH) for 45 s, 72°C for 45 s, and 
a final extension for 10 min at 72°C. 20-40 pL of each PCR 
reaction were analyzed on a 1 % agarose-TAE gel, visualized by 
ethidium bromide-staining, and optical densities of the cDNA 
bands were quantified. The same cDNA samples were used 
for the amplification of a 452 nt fragment of glyceraldehyde- 
3-phosphate dehydrogenase (GAPDH) (sense: 5'-ACCA- 
OVGTCC/\TGCCATCAC-3', antisense: 5'-TCCACCACCCT- 
GTTGCTGTA-3' ) to confirm that equal amounts of RNA 
were reverse transcribed. 

Western blot 

ROS-treated and control cells were washed twice with ice-cold 
PBS, scraped in 1 mL of ice-cold lysis buffer (100 mM TRIS 
pH6.8, 4% SDS, 20% glycerol, 0.1 mM PMSF, 1 pg/mL 
leupeptin, 1 pg/mL aprotinin), heated to 95 °C for 5 min, 
and stored at -20°C until use. Aliquots (40 pg) of the cellular 
lysate were electrophoresed through an 0.1% SDS/ 10% poly- 
acrylamide gel. Proteins were blotted to nitrocellulose mem- 
branes in a semidry blotting chamber (Pharmacia Biotech, 
Uppsala, Sweden). Blot membranes were stained with Pon- 
ceau red to verify appropriate protein transfer and equal 



1078 Vol. 16 July 2002 



The FASEB journal 



NICKENIC ET AL. 



loading for each lane. I mm un obi oiling was performed over- 
night at 4°C lor all antibodies used. Antibody dilutions were 
p53 (Pab 240 mouse monoclonal IgG, sc-99, Santa Cruz 
Biotechnology Inc.. Santa Cruz, CA) ,1:300; p27 (F-8 mouse 
monoclonal IgG, sc-1641, Santa Cruz), 1:300; p21 (mouse 
mixed monoclonal IgG, #05-345, Upstate Biotechnology, 
Biomol, Hamburg, Germany), 1:600; Rb (M-153 rabbit poly- 
clonal, sc-7905, Santa Cruz), 1:100; Id3 (C-20 rabbit poly- 
clonal, sc-490, Santa Cruz), 1:100. Immunodetection was 
accomplished using the appropriate secondary antibody for 
1 h at room temperature (1:20,000 dilution, Sigma Chemical, 
Deisenhofen, Germany) and the enhanced chemilumines- 
cence kit (Amersham, Braunschweig, Germany). Autoradiog- 
raphy was performed at room temperature. 

Transfection 

Full-length cONAs of Id3 were generated by PCR amplifica- 
tion of reverse transcribed RNA derived from VSMC (see 
above). Primers were for ld3: sense: 5'-CTCQ\ACCTCCAA- 
CATGA/VGG-3', antisense: 5 '-GTTAAAAATGGTTTATTATG- 
CAAAATGTT-3 ' . PCR products were checked on a 1% TAE 
agarose gel and cloned into the pCR2.2 vector (Invitrogcn 
BV, Groningen, Netherlands) via TA cloning. Orientation 
and validity of the insert was determined by automated 
sequencing, and ld3 sense and antisense constructs for elec- 
troporation were generated by cloning Hindlll/Notl frag- 
ments into the pcDNA3 vector. For electroporation, VSMC 
grown at a confluent monolayer were removed from the 
culture dish by addition of trypsin and pelleted. The pellet 
was resuspended in 200 u,L of Optimem I (Gibco BRL, 
Karlsruhe, Germany) and cells were counted. 10° cells per 
sample were incubated with 20 u.g of the respective DNA in 
precooled cuvettes (Promega, Heidelberg. Germany) for 30 
min on ice. After warming the cuvette to 37°C for 30 s in a 
water bath, electroporation was performed for 16 ms at 0.3 kV 
and 500 ul\ After an additional incubation for 30 min at 
room temperature, cells were plated on the appropriate 
culture dishes or microliter plates. 

Luciferase assays 

Binding of GKLF to putative binding sites within the ld3 
promotor was investigated using a prom otor-re porter con- 
struct with the luciferase gene driven by the ld3 promotor 
(luciferase assay system, Promega GmbH, Mannheim Germa- 
ny). VSMC were cotransfected with GKLF, pGL2-ld3 (promo- 
tor-reporter construct) +pcDNA3, pGL2 + pcDNA3, pGL2- 
Id3-rGKLF, and pcDNA3 by electroporation. Afterward cells 
were plated on 10 cm plates and incubated for 24 h at 37°C 
until cell density was sufficient for the assessment of luciferase 
activity. After two washes with PBS, cells were lysed with 900 
|aL of the provided lysis buffer per plate, scraped, and 
transferred to a microcentrifuge tube. After vortexing for 
10 s, the debris was pelleted by centrifugation for 2 min at 
16,000 #and the supernatant was transferred to a new tube. 
For measurement of luciferase activity, an automatic lumi- 
nometer (MicroLurnat plus LB 96 V) was used. 20 u,L of 
cellular lysate were incubated with 100 uX of luciferase-Assay- 
Reagent by automatic injection, luminescence was measured 
over a time course of 30 s 

Electrophoretic mobility shift assay 

Oligonucleotides containing the known binding site for 
GKLF (5'- c / A G / A GG c /, G c V T -3') 5 '-ATGCAGGAGAAAGAA- 
CGGCGTAGTATCTACTAG-3' ) (K-l) and oligonucleotide 
derived from the human ld3 promotor region in which a 



GKLF binding site putatively is localized, KII: 5'-ACTCCCCAG- 
0\TGAAGGCGCTGAGCCCGGTGCG-3 ' , (Id3 promotor se- 
quence 730bp-766bp) were purchased as single-stranded oli- 
gonucleotides (MVVG Biotech, Ebersberg, Gemany) and 
annealed. The GKLF oligonucleotide was end-labeled with 
•Y[ 52 P]-ATP. 

Nuclear extracts (2 jig) from VSMC were incubated in 10 
fxL binding buffer (20 mM HEPES, pH7.9 with KOH, 20% 
v/v glycerol, 100 mM KCI, 0.2 mM EDTA, 0.2 mM PMSF, 1 
mM DTT) and 2 u.L EMSA buffer (150 mM HEPES, pH7.6 
with KOH, 100 mM KCL, 2.5 mM DTT, 2 mg/mL bovine 
serum albumin, 20 mM MgCl 2 ) containing 0.1 mM ZnCl 2 and 
1 fig POLY ( dA-dT ) • POLY( dA-dT) (Amersham Pharmacia 
Biotech) for 10 min at room temperature before addition of 
50 fmol of 32 P-end-labeled, double-stranded oligonucleotide 
specific for binding of GKLF. After incubation for 15 min, 
proteins were resolved on a nondenaturing 5% polyacryl- 
amide gel. The gel was submitted to autoradiography. In 
experiments that contained competitor DNA, a 2- to 50-fold 
molar excess of unlabeled oligonucleotide over the labeled 
probe was included. 

Vascular injury model 

Carotid artery injur)' was performed in adult male C57B1/6 
mice. Using a dissecting microscope (MZ6, Leica, Heer- 
brugg, Switzerland), bifurcation of the left carotid artery 
was exposed via a midline incision of the ventral side of the 
neck. Two ligatures were placed proximally and distally 
around the external carotid artery. The distal ligature was 
tied off. After temporary occlusion of the internal and 
common carotid artery with ligatures, a transverse arteri- 
otomy was performed between the ligatures of the external 
carotid artery to introduce a curved flexible wire (0.13 mm 
in diameter). The wire was passed along the common 
carotid artery in a rotating manner three times. After 
removal of the wire, the proximal ligature of the external 
carotid artery was tied off. Normal blood flow was reassured 
and the skin was closed with single sutures using 6/0 silk. 
Animals were allowed to recover and carotid arteries were 
harvested at various times. 

Perfusion-fixed carotid arteries were embedded in Tissue 
Tek O.C.T. embedding medium (Miles Inc., Niles, Ml), snap 
frozen, and stored at — 80°C. Samples were sectioned on a 
Leica cryostat and placed on poly-L-lysine (Sigma) coated 
slides for immunohistochemical analysis. 

Cryoseclions were assessed for endothelial cell markers 
(von Willebrand factor, Dako), MC (alpha smooth muscle 
actin, Sigma), or the ld3 antigen with a indirect immunoen- 
zyinatic method. Tissue cryosections were postfixed in 4% 
formaldehyde for 2 min. Slides were preincubated with 0.5% 
Igpal and 5% normal goat serum (Sigma) for 30 min each. 
The primary antibody (Id3 C20, Santa Cruz) was applied for 
2-3 h at room temperature or at 4°C overnight, followed by 
application of the appropriate horseradish peroxidase-conju- 
gated secondary antibody (Sigma) for 30 min. Id3 expression 
was visualized with a DAB chromogen substrate (Sigma). 
Sections were rinsed and mounted with Kaiser's glycerin 
(Merck) for light microscopic analysis (Nikon E600). 



RESULTS 

ROS-induced growth regulation in VSMC 

Cultured rat VSMC were incubated with either xan- 
thin, 100 pjvl, xanthin oxidase 1.6 10~ s U/mL (100 
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p.M X/XO) to induce production of 0 2 or H 2 0 2 , 100 
jxM, Fe 3+ NTA, 10 uM (100 H 2 O a -Fe) to release 
OH. After a 24 h incubation, DNA synthesis and cell 
proliferation were assessed. Figure IA shows that 
X/XO caused a significant increase in DNA synthesis 
and cell proliferation whereas H 2 0 2 -Fe exerted a 
growth-arresting and proliferation-inhibiting effect. 
X/XO-induced mitogenicity (maximal at 100 jjlM) 
and H 2 0 2 -Fe-caused growth arrest (maximal at 100 
|ulM) were concentration dependent (Fig. IB). In the 
absence of the Fenton reagent, H 2 0 2 revealed no 
influence on cellular growth. Apoptosis in VSMC at 
concentrations of 100 jjiM X/XO or H 2 0 2 -Fe was 
excluded (Fig. 1Q. 
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Figure 2. Differential display analysis led to the identification 
of novel redox-sensitive genes GKLF and Id3. VSMC were 
incubated with 100 u.M X/XO or H 2 0 2 -Fe (H-Fe) for 0, 0.5, 
2, and 4 h. Two differentially regulated genes were reproduc- 
ing detected (A). Cloning and sequencing revealed 100% 
homology with GKLF and ld3, respectively. For confirmation 
of differential display results, VSMC were incubated with 
either 1 00 u.M X/XO or H-Fe for 0, 0.5, 2, and 4 h. Total RNA 
was isolated and Northern blotting was performed and hy- 
bridized with either radiolabeled 1(13 or GKLF cDNA probes 
(#). Western blot analysis of proteins isolated from VSMC 
incubated with either vehicle (control), 100 jaM X/XO, or 
H-Fe for the indicated times confirmed that ld3 was up- 
regulated by X/XO and depressed by H-Fe (Q. Autoradio- 
graphs are representative of at least three separate experi- 
ments. 




Figure 1. X/XO causes cellular proliferation whereas 
H.^Oy-Fe induces growth arrest. VSMC were incubated with 
either vehicle (control), 100 u-M X/XO, 100 \iM H„O r Fe 
(H-Fe), 10% PCS, or 100 [iM H a 0 2 for 24 h incubation. H-Fe 
effects were measured in the presence of FCS. DNA synthesis 
was assessed by BRDU labeling; proliferation was quantified 
by cell counting (A). Concentration dependency of ROS 
effects on DNA synthesis is shown in VMC after a 24 h 
incubation (B). Apoptosis was detected after a 24 h incuba- 
tion with 10 u.M-1 mM of either X/XO or H-Fe (12) (Q. n = 
3-6. *P < 0.05 FCS or X/XO vs. control, **/> < 0.05 FCS vs. 
FCS + OH. 



Gene expression analysis during oxidative stress 

To identify concomitant changes in gene expression 
patterns, differential display was performed in VSMC 
incubated with either 100 |xM X/XO or H 2 0 2 -Fe for 0, 
0.5, 2, and 4 h. Serial analysis led to identification of 
two differentially regulated genes (Fig. 2A). Reference 
methods such as Northern blotting and semiquantita- 
tive PCR demonstrated that the transcription factor 
GKLF was induced by H 2 0 2 -Fe and not by X/XO. 
Densitometric analysis of five separate experiments 
revealed that H 2 0 2 -Fe increased GKLF mRNA expres- 
sion after a 2 h incubation to 177 ± 14% of control 
levels, P < 0.05. X/XO had no significant effect on 
GKLF expression (95±5%, 1 h incubation, n=4, 
p = ns), The dominant negative helix-loop-helix protein 
Id3 was induced by X/XO (maximal after 30 min to 
170±6%, n=5, P<0.05) and decreased by H 2 0 2 -Fe 
(maximal after 4 h to 31 ±4, n=5, P<0.05)' (Fig. 2B). 
Western blot analysis confirmed that Id3 was up-regu- 
lated by X/XO and depressed by H 2 0 2 -Fe (Fig. 2Q. 



1080 Vol.16 July 2002 



The FASEB Journal 



N1CKENIC ET AL 



Influence of GKLF and Id3 on cell growth 

To clarify if GKLF and ld3 mediate red ox-sensitive 
growth processes, VSMC were transfected with sense/ 
antisense GKLF and Id3 cDNAs were inserted in the 
expression vector pcDNA3. Overexpression or inhibi- 
tion was confirmed by Western analysis (ld3 sense 
204±12% of control, Id3 antisense 31 ±5% of control) 
(Fig. 3A). VSMC were stimulated with 10% fetal calf 
serum (FCS), 100 uM X/XO, 100 \lM H 2 0 2 -Fe, or 
H 2 0 2 -Fe and FCS. Control experiments were performed 
with an insertless vector. Overexpression of sense GKLF 
and antisense Id3 abrogated growth induction by FCS or 
X/XO (Fig. 373). Overexpression of antisense GKLF or 
sense ld3 increased X/XO-induced cell growth and di- 
minished H 2 0 2 -Fe-caused growth arrest (Fig. 3/i). These 
findings demonstrate that induction of GKLF and depres- 
sion of Id3 are decisively involved in H 2 0 2 -Fe-induced 
growth arrest, whereas induction of ld3 governs X/XO- 
caused VSMC proliferation. 
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Figure 3. GKLF and Id3 mediate X/XO -and H^Og-Fe in- 
duced growth regulation. Full-length Id3 and GKLF cONAs 
were obtained by PCR. Nucleotide sequence was confirmed 
by automated sequencing. cDNAs were cloned in sense and 
antisense orientation in the expression vector pcDNA3. 
VSMC were transfected by electroporation (16). A) Represen- 
tative Western blot detecting Id3 protein after transfection 
with ld3 cDNAs and con finning successful overexpression 
and inhibition of ld3 protein. VSMC were stimulated with 
vehicle (control), 10% FCS, 100 u-M X/XO, or H 2 0 2 -Fe 
(H-Fe), or H-Fe and FCS. Control experiments were per- 
formed with an insertless vector (pcDNA3) (B). n = 3-5. Id3 
S/AS - Id3 sense/antisense cDNA. GKLF S/AS - GKLF 
sense/antisense cDNA. pcDNA3: *P< 0.05 FCS or X/XO vs. 
control, **P < 0.05 FCS vs. FCS+H-Fe; ld3 sense (ld3S): 
**P < 0.05 pcDNA3-FCS+H-Fe vs. Id3 S-FCS+H-Fe; ld3 
antisense (Id3 AS): **P < 0.05 pcDNA3-FCS+H-Fe vs. Id3 
AS-FCS+H-Fe, pcDNA3-FCS vs. Id3 AS-FCS; GKLF sense 
(GKLF S): **P < 0.05 pcDN A3-FCS + H-Fe vs. GKLF 
S-FCS+H-Fe, pcONA3-FCS vs. GKLF S-FCS; GKLF antisense 
(GKLF AS): **P < 0.05 pcDNA3-FCS+H-Fe vs. GKLF AS- 
FCS+H-Fe, pcDNA3-OH vs. GKLF AS-H-Fe. 



Effect of ROS, GKLF, and Id3 on p 21 WAF1 / Ci P 1 , 
P 27 KIP1 , P 53, and Rb 

Cyclin-dependent kinase inhibitors are essential modu- 
lators of cellular proliferation (11—13). Therefore, 
VSMC were incubated for the indicated periods with 
X/XO or H 2 0 2 ~Fe and protein expression of p21 WAF,/Cip \ 
p27 KIPI , and p53 was assessed by Western blotting. 
X/XO down-regulated expression of p 21 WAFI/Ci P | 
(23±7% of control level, n=3, /><0.05, 24 h incuba- 
tion) and p53 (31 ±7% of control level, n=3, P<0.05, 
24 h incubation), whereas H 2 0 2 -Fe led to the up- 
regtilation of p21 WAFI/Qpl (421 ±123% of control level, 
w=3, P<0.05, 12 h incubation) and p53 (264±71% of 
control level, n=3, F<0.05, 24 h incubation). p27 Kipl 
expression was depressed by X/XO (75±9% of control 
level, n=3, P<0.05, 24 h incubation) and enhanced by 
H 2 0 2 -Fe (291 ±81 % of control level, rz=3, P<0.05, 24 h 
incubation). Hyperphosphorylation of the retinoblas- 
toma gene product Rb is closely involved in the execu- 
tion of mitogenic signals. Rb hyperphosphorylation was 
propagated by X/XO, whereas FCS-induced Rb hyper- 
phosphorylation was diminished by H 2 0 2 -Fe (Fig. 4A) . 
Consistently, overexpression of sense GKLF and anti- 
sense Id3 caused an enhanced expression of p9i WAF1/Cl P | j 
p27 Kipl , and p53 and hypophosphorylaUon of Rb (Fig. 
4£), suggesting that the cyclin-kinase inhibitors 
pgjWAFi/cipi and p27 Ki P' ) the tumor suppressor gene 

p53, and hypophosphorylation of Rb are induced by 
H 2 0 2 -Fe via induction of GKLF and depression of Icl3. 
In contrast, overexpression of sense Id3 and antisense 
GKLF induces hyperphosphorylation of Rb. Therefore, 
GKLF as well as Id3 act upstream of these established 
growth-regulating genes. 

Interaction of GKLF and Id3 

GKLF is up-regulated by OH within 30 min; Id3 is 
down-regulated after 2-4 h. The Id3 promotor contains 
GKLF binding sites. To test whether GKLF regulation is 
a prerequisite of Id3 modulation, we incubated nuclear 
proteins isolated from VSMC, which were stimulated 
with 100 \lM H 2 0 2 -Fe for 0-4 h with radioactive!)' 
labeled oligonucleotides representing the GKLF bind- 
ing site. Figure 5A (left panel) shows the autoradiogra- 
phy of a gel shift experiment revealing that GKLF 
binding to its consensus sequence is profoundly in- 
duced by H 2 0 2 -Fe. Figure 5A (right panel) shows that 
unlabeled oligonucleotides derived from regions of the 
Id3 promotor that contain a putative GKLF binding site 
inhibit the protein-DNA interaction demonstrating the 
specificity of the reaction. Therefore, GKLF binds to 
the Id3 promotor and this binding is increased by 
stimulation with H 2 0 2 -Fe. To clarify the functional 
relevance, VSMC were cotransfected with expression 
vectors harboring either the GKLF cDNA or/and a 
luciferase reporter gene fused to the ld3 promotor. 
Figure 5B summarizes the data of four separate exper- 
iments. Transcription of the luciferase reporter gene is 
low without inserted promotor (pGL2). Activity is 
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greatly enhanced on fusion to the Id3 promoter (Id3- 
pGL2). Gotransfection with GKLF as well as stimulation 
of cells with 100 uM H 2 0 2 -Fe for 2 h reduces signifi- 
cantly the luciferase activity, demonstrating that GKLF 
represses Id3 promoter activity and thereby ld3 gene 
transcription rate. 

Second messengers involved in GKLF 
and Id3 induction 

Cells were incubated with 100 fiM H 2 0 2 -Fe or 100 uJM 
X/XO for 30 min with or without the following phar- 
macological inhibitors: 20 jxmol/L PD98059 (p42/44 
MAP kinase inhibitor), 1 jimol/L SB203580 (p38 MAP 
kinase inhibitor), 10 (xmoJ/L genistein (tyrosin kinase in- 
hibitor), 10 u,mol/L wortmannin (PI-3 kinase inhibitor), 
10 |xmol/L N w -nitro-L-arginin (nitric oxide inhibitor), 20 
|xmol/L Bis-(2-ainino5-methylphenoxy)ethane-N, N, N\ 
N'-tetraacetic acid tettaacetoxymethyl ester (MAPTAM, 
calcium chelator), 20 mmol/L mannitol (hydroxyl scav- 
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Figure 4. p 9i™AHi/a P i p2 7 > and p5 3 are depressed by X/XO 

and induced by H 2 0 2 -Fe. YSMC were incubated for the 

indicated periods with 100 uM X/XO or 100 jxM H 2 0 2 -Fe 

(H-Fe), cellular proteins were isolated, and expression of 
p21 wAKi/opi p2? and p53 and Rb ms assessed by Western 

blotting. For Rb detection, cells were stimulated with 10% 
FCS as indicated. A) The effects of X/XO and OH. Overex- 
pression of sense GKLF and antisense ld3 was achieved by 
electro poration-guided transfection. Protein expression of 
p21 WAH/Cipl > p27, and p53 was assessed by Western blotting 
48 h after transfection (B). Autoradiographs are representa- 
tive of at least 3 separate experiments. Id3 S/AS = ld3 
sense/antisense cDNA. GKLF S/AS - GKLF sense/an tisense 
cDNA. 
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Figure 5. A) GKLF binding to its consensus sequence is 
time-dependently enhanced. Electrophoretic mobility shift 
assay with nuclear proteins from VSMC stimulated with 100 
|xmol/L H 2 O a -Fe (H-Fe) for 0-240 min bound to the GKLF- 
consensus oligonucleotide (lanes 1-6). Binding was com- 
peted with unlabeled GKLF oligonucleotide (K-I, lane 7) and 
increasing concentrations of K-ll that represent a putative 
binding site of the ld3 promotor (bp 730-766) and a 
unspecific competitor K-IIl (Nf taippaB -motif). B) GKLF re- 
duces ID3 promotor activity. VSMC were transfected with a 
luciferase-harboring promotoiiess construct (pGL2) or a lu- 
ciferase-harboring-lD3 promotor construct (Id3-pGL2) in the 
presence of an insertless expression vector (pcDNA3, bar 2) 
or a pcDNA3-GKLF cDNA construct (bar 3) . Some cells were 
stimulated with 100 |juuol/L H 2 0 2 -Fe (H-Fe) (bar 4). Promo- 
tor activity was assessed bv luciferase assays. *P < 0.05 pGL2 
vs. ID3-pGL2. 

enger), 10 jxg/mL cycloheximide (protein synthesis in- 
hibitor), 200 U/mL PEG-catalase (CAT, H 2 O a scaven- 
ger), and 100 U/mL PEG-superoxide dismutase (SOD, 
0 2 scavenger), followed by RNA isolation and GKLF 
mRNA quantification by Northern blotting and PCR. The 
data show that GKLF induction by H 2 0 2 -Fe is dependent 
on OH release, intracellular calcium, p38 MAP kinase, 
and protein syndiesis (Fig. 6A), whereas ld3 induction by 
X/XO is dependent on superoxide release, p38, as well as 
p42/44 MAP kinase and intracellular calcium. 
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Effect of angiotensin II on Id3 and GKLF 

Angiotensin II is known to release intracellular CX> and 
hydrogen peroxide upon activation of ATI receptors. 
To test whether intracellular release of 0 2 " and hydro- 
gen peroxide could influence Id3 expression, cells were 
stimulated with 100 nmol/L angiotensin II for 0-2 h. 
Id3 mRNA was quantified by Northern analysis. Figure 
6/i demonstrates that angiotensin II up-regulates IdS 
expression within 1 h. This was completely inhibited in 
the presence of 10 u,mol/L of the flavoprotein inhibi- 
tor diphenylene iodonium, which omits intracellular 
free radical release by angiotensin II. Superoxide dis- 
mutase, which specifically scavenges 0 2 but not cata- 
lase, a hydrogen peroxide scavenger, inhibited the 
effect of angiotensin II. GKLF expression was not 
influenced by angiotensin II (data not shown). Thus, 
angiotensin II, which acts as a VSMC mitogen via a 
mernbrane-bound receptor, modulates Id3 gene ex- 
pression via intracellular superoxide release. 

In vivo model 

To extend our in vitro findings, we induced a vascular 
injury in arteria carotis of mice resulting in lesions 
characterized by neointima formation due to VSMC 
proliferation. The vessels were harvested and imrauno- 
histochemistry was performed in lesion segments. Fig- 
ure 7 shows visualization of Id3 protein and VSMC- 
specific alpha-smooth muscle actin protein. Id3 is 
predominately expressed in VSMC of the media and 
the neointima but in the endothelium. Of note, Id3 
expression is profoundly enhanced in die neointima 
that contains proliferating VSMC in comparison to 
media composed of mainly quiescent VSMC. 



Figure 6. A) Second messengers. Cells were incubated with 100 
jjiM H>0 2 -Fe (H-Fe) for 30 min with or without 20 |xmol/L 
PD98059 (PD), 1 |xmol/LSB203580 (SB), 10 nmol/L genistein 
(Geni), 10 \xmo\/L wortmannin (Wor), 10 u,mol/L N^-nitro-L- 
arginin (NNI.A), 20 jxmol/L Bis- (2-amino-5-m ethyl phenoxy) - 
ethane-N,N,N',N'-tetraacetic acid tetraacetoxymethyl ester 
(MAPTAM), 20 mmol/L mannitol (Man), 10 [ig/mL cyctohex- 
imide (CHX), 200 U/mL PEG-catalase (CAT), and 100 U/mL 
PEG-su peroxide dismutase (SOD), followed by RNA isolation 
and GKLF mRNA quantification by Northern blotting and PCR. 
Densitometric analysis of 3-5 separate experiments. B) Cells 
were incubated with 100 jxM xanthin/xanthin oxidase (X/XO) 
for 30 min with or without 20 jimol/L PO98059 (PD), 1 |LLmol/L 
SB203580 (SB), 10 jxmol/L genistein (Geni), 10 umol/L wort- 
mannin (Wor), 10 |xmol/L N to -nitro-L-arginin (NNLA), 20 
jxmol/L Bis- (2-amino-5-m ethyl phenoxy) ethane-N,N,N \N'-tet- 
raacetic acid tetraacetoxyrnethyl ester (MAPTAM), 10 jxg/mL 
cycloheximide (CHX), 200 U/mL PEG catalase (CAT), and 100 
U/mL PEGsuperoxide dismutase (SOD), followed hy RNA 
isolation and ld3 mRNA quantification by Northern blotting 
and PCR. Densitometric analysis of 3-5 separate experiments. C) 
Effect of angiotensin II on ld3. VSMC were stimulated with 100 
nmol/L angiotensin 11 for 2 h. Id3 mRNA was quantified by 
Northern analysis. Some cells were coincubated with 10 |xmol/L 
of diphenylene iodonium (DPI), I jxmol/L SB203580 (SB), 200 
U/mL PEG-catalase (CAT), and 100 U/mL PEGsuperoxide 
dismutase (SOD). 



DISCUSSION 

ROS such as superoxide and hydroxyl radicals are 
generated in early as well as advanced atherosclerosis 
and have been strongly implicated in the pathogenesis 
of this disease (4). Despite numerous experimental 
studies and interventional trials, the definitive molecu- 
lar actions of ROS are poorly defined. Proliferation, 
growth arrest, and apoptosis are key events in athero- 
genesis and are observed in endothelial cells, macro- 
phages, and VSMC within the vessel wall (11). ROS act 
as extra- and intracellular signaling molecules involved 
in cellular growth, apoptosis, and survival (9, 10, 12, 
13). Similar to growth factors and hormones, ROS 
interfere with various transduction pathways such as 
calcium, protein kinases, MAP kinase, and proto-onco- 
genes (3, 14-18). The response elicited by ROS inter- 
mediaries is in part determined by the intracellular 
targets and is dependent on die species of oxidants 
produced (6, 9, 18, 19). 

Our data indicate that xanthin/xanthin oxidase and 
hydrogen peroxide/Fe exert differential effects on 
growth of VSMC. Concomitant application of specific 



OXIDATIVE STRESS, GKLF, AND Id3 



1083 



Figure 7. Vascular injury in artcria 
carotis of mice resulting in lesions 
characterized by neointima forma- 
tion due to VSMC proliferation. 
Vessels were harvested and immu- 
nohistochemistry was performed in 
lesion segments. Visualization of 
Id3 protein (A, Q and VSMC-spe- 
cific alpha-smooth muscle actin 
protein (B, D). 





radical scavengers such as mannitol, catalase and super- 
oxide disnuuase suggest that the effects of xanthin/ 
xanthin oxidase are mediated through release of super- 
oxide, whereas hydroxyl radicals seem to transfer the 
effects of hydrogen peroxide/Fe. It is concluded based 
on these observations that superoxide induces VSMC 
proliferation and that hydroxyl radicals cause growth 
arrest in the absence of detectable apoptosis. It is well 
established that superoxide induces second messenger 
pathways "typical of mitogens, such as the mitogen- 
activated kinase family (14-18). However, the cascade 
of participating genes is less defined. 

According to the data presented, induction of Id3 is 
a prerequisite of superoxide-caused proliferation. Inhi- 
bition of Id3 by transfection of antisense constructs 
inhibits superoxide and serum-induced growth. More- 
over, superoxide-associated mitogenesis is enhanced by 
transfection of sense Id3 cDNA. The Id proteins 1-4 
antagonize the function of DNA binding basic helix- 
loop-helix transcription factors such as E2A. The latter 
defines cellular differentiation and increased prolifer- 
ation (20). Id3 has been implicated in the apoptosis of 
fibroblasts (21). However, the redox-sensitive proper- 
ties of Id3 and its decisive role in regulation of VSMC 
growth have not been elucidated. Id3 expression is 
increased via receptor-mediated processes as exempli- 
fied with angiotensin II. This peptide propagates intra- 
cellular radical release and causes proliferation of 
VSMC (22, 23). The fact that angiotensin II causes Id3 
overexpression via radical release supports the concept 
of Id3-triggered growth events in VSMC. The second 
gene identified via differential display analysis, GKLF, 
acts in an opposite manner. GKLF expression is not 
altered by superoxide. Nevertheless, selective induction 
of GKLF abrogates completely superoxide- and serum- 



induced proliferation, whereas inhibition of GKLF en- 
hances the mitogenic effects of superoxide. 

GKLF has been shown to be expressed in epithelial 
cells of the gastrointestinal tract, skin, thymus, and 
endothelial cells (24-28). GKLF functions as transcrip- 
tion factor that interacts with a GG-rich consensus site 
residing in the promotor of various genes such as 
cytochrome P450IA1 and p 21 WAF!/Ci P f (29, 30). In 
fibroblasts, induction of GKLF is associated with growth 
arrest potentially through interaction with p53 and 

p21 WAtf/Ci P l (3()) 

The data demonstrate a differential impact of super- 
oxide and hydroxyl radicals on VSMC growth and 
connect these effects to the novel redox-sensitive target 
genes, GKLF and Id3. GKLF expression is increased by 
hydroxyl radicals. Functional data reveal that the hy- 
droxyl-caused growth arrest is mediated by the induc- 
tion of GKLF. Transfection of GKLF antisense vectors 
completely abolishes the growth-ar res ting potential of 
hydroxyl radicals. 

GKLF or inhibition of Id3 diminishes serum-elicited 
proliferation, suggesting that serum-associated mito- 
genesis is mediated by ROS or that GKLF and Id3 are 
generally involved in growth regulation pathways in 
VSMC. 

It is not known by which signal transduction cascades 
GKLF and Id3 are activated or inhibited. The data 
reported here indicate that ROS play a pivotal role in 
the expression regulation of these genes. However, it 
cannot be excluded that other signaling pathways may 
also be involved. Our data suggest that hydroxyl radi- 
cals induce GKLF via the p38 subunit of MAP, which is 
a principal intracellular target of reactive oxygen spe- 
cies (14-18). Furthermore, intracellular calcium seems 
to participate in the hydroxyl-induced GKLF regula- 
tion. This agrees with previous reports of calcium- 
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releasing properties of free radicals (31). Despite the 
rapid regulation of GKLF within 30 inin, the process is 
protein synthesis dependent, suggesting that addi- 
tional, so far unknown transcribed/ translated factors 
mediate the hydroxy! effect on GKLF. 

The time course of events of GKLF and ld3 regulation 
and the fact that the Id3 promotor contains putative 
GKLF binding sites led us to the hypothesis that GKLF my 
interact with the Id3 promotor and thereby influence Id3 
gene transcription. According to the results presented, 
GKLF binds to its consensus sequence in the Id3 promo- 
tor. The cotransfection reporter assays clearly show that 
GKLF reduces Id3 promotor activity revealing a so far 
u n k n own i n terac tion . 

GKLF as well as Id3 have been associated with cell 
cycle factors such as p53 and p 21 WAF,/Ci P 1 (22). Our 
results show that superoxide, Id3, and inhibition of 
GKLF down -regulate the expression of p53 and 
p2|WAn/Opi anc ^ tQ a j esser ex t en t, the expression of 

p27 Kipl . In contrast, hydroxyl radicals, GKLF overexpres- 
sion, and inhibition of Id3 induce p53, p21 WAK,/Cip \ and 
p27 Kipl . Consequently, hyperphosphorylation of Rb, 
which is a well-established measure for cell cycle 
progress, is either propagated or abolished. Therefore, 
GKLF and Id3 interfere effectively with cell cycle- 
associated factors. This partly clarifies the intracellular 
targets of GKLF and Id3 with respect to their growth- 
regulating properties. 

Pathological growth of vascular smooth muscle cells 
occurs especially during atherosclerotic disease and 
restenosis after angioplasty (32). To validate in vitro 
findings and at least speculate about a transfer of the 
cell culture results to atherosclerosis in humans, it is 
essential to prove the concept in an in vivo setting. 
Therefore, we applied a carotid injur)' model in mice. 
The induced lesion, the neointima, is predominately 
composed of proliferating vascular smooth muscle 
cells. The histological analysis showed that Id3 is ex- 
pressed in vascular smooth muscle cells in vivo. Id3 
expression is enhanced in neointimal, proliferating 
cells. These data may serve as a first proof of the 
concept. Of course, these data do not ultimately prove 
a causal relationship between Id3 overexpression and 
neointima formation, which would have to be tested in 
an in vivo gene transfer experiment. 

GKLF and Id3 are of central relevance for ROS- 
induced growth regulation in VSMC via interaction 
with cyclin-dependent kinase inhibitors, p53, and Rb. It 
is speculated that these findings reveal general mecha- 
nisms of growth control that could lead to new thera- 
peutic strategies for the treatment of atherosclerosis, 
coronary restenosis, and cancer. [£j] 

This work was supported by the Deutsche Forschungsge- 
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Crystal Structure of a Five-Finger 
GU-DNA Complex: New 
Perspectives on Zinc Fingers 

Nikola P. Pavletich* and Carl O. Pabo 

Zinc finger proteins, of the type first discovered in transcription factor IIIA (TFII1A), are 
one of the largest and most important families of DNA-trinding proteins. The crystal 
structure of a complex containing the five Zn fingers from the human GU oncogene and 
a high-affinity DMA binding site has been determined at 2.6 A resolution. Finger one does 
not contact the DNA. Fingers two through five bind in the major groove and wrap around 
the DNA, but lack the simple, strictly periodic arrangement observed in the ZK268 
complex. Fingers four and five of GU make extensive base contacts In a conserved nine 
base-pair region, and this section of the DNA has a conformation intermediate between 
B-DNA and A-DNA. Analyzing the GLI complex and comparing it with Zif268 offers new 
perspectives on Zn finger-DNA recognition. 



Zinc fingers, of the type found in TFIIIA 
(I), are one of the most common DNA- 
binding motifs in eukaiyotic transcription 
factors. This family of zinc finger proteins is 
characterized by die consensus sequence X 3 - 
Cys-X z ^-Cys-X|2-His-X 3 _5-His-X4 (where X 
is any amino acid residue); more than a 
thousand such zinc finger sequences have 
been reported (2). The zinc finger forms a 
compact globular structure that contains a 3 
sheet and an a helix held together by a 
central Zn ion (3) . The two cysteines, which 
are in the fi sheet region, and the two 
histidines, which are in the a helical region, 
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are tetrahedrally coordinated to the Zn. 
Crystallographic studies of a complex con* 
earning the three Zn fingers from die Zif268 
protein (4) revealed that the Zif fingers bind 
in the major groove and wrap partway 
around the double helix. Residues from the 
NH 2 -terminal portion of each a helix con- 
tact the bases, and a conserved partem of 
side chain-base interactions is observed in 
the Zif complex. 

Although only a small number of the 
known Zn finger proteins have been char- 
acterized in detail, it is clear that this family 
of proteins can recognize a diverse set of 
DNA sequences. For example, the Drosoph- 
ia Hunchback protein recognizes a site that 
includes the sequence AAAAA (5); the 
human Spl protein recognizes a site that 
includes the sequence GGGGGC (6); and 
the human glioblastoma (GU) protein rec- 
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ognizes a site that includes the sequence 
TGGGTGGTC (7). Preliminary attempts 
to model other Zn finger complexes suggest- 
ed that Zif might provide a reliable basis for 
modeling complexes formed by closely re- 
lated proteins [such as Spl and WT1 (8)], 
but it did not appear that Zif would provide 
a satisfactory basis for modeling complexes 
formed by other, more distantly related Zn 
finger proteins. 

To help understand how Zn fingers can 
recognize such a diverse set of binding sites, 
we have studied a complex that contains 
the five Zn fingers from the human GU 
oncogene. The GU gene was first discov- 
ered because it was amplified in human 
glioblastomas (9), and GLI was later found 
to be amplified in other tumors (10). In 
vitro studies have shown that the GLI 
protein, in conjunction with the adenovi- 
rus E1A protein, can transform primary 
rodent cells (II). GU is a sequence-specific 
DNA-binding protein, and three high-af- 
finity sites have been recovered from a pool 
of human genomic DNA (7). Our crystals 
contain the five Zn fingers of the human 
GU protein (Fig. 1A) bound to a 21-base 
pair (bp) DNA fragment (Fig. IB) that 
includes a high affinity DNA-binding site. 
We now describe the crystal structure of the 
GU complex at 2.6 A resolution, compare 
it with Zif, and consider the broader impli- 
cations for our understanding of Zn finger- 
DNA interactions. 

Overall structure of the GLI complex. 
The overall structure of the GU-DNA 
complex shows that fingers 2 to 5 fit in the 
major groove and wrap around the DNA for 
a hill helical turn (Fig. 2 and Table 1). 
Finger 1 surprisingly does not contact the 
DNA but instead makes extensive protein- 
protein contacts with finger 2. The overall 
arrangement of the other fingers is generally 
similar to that observed for the fingers in 
the Zif complex. The a helix of each finger 
fits into the major groove, and the Non- 
terminal portion of each of these a helices 
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is closest co the bases. Fingers 4 and 5 of 
GLI appear to be the most important for 
recognition. These fingers make extensive 
base contacts in a 9 -bp region that is con- 
served in all of the known binding sites (7). 
Fingers 2 and 3 make a set of contacts with 
the DNA backbone, but a comparison of 



the high-affinity GLI binding sites (7) 
shows that the DNA sequence of this re- 
gion can vary, and the only base contact in 
this region is a single hydrogen bond con- 
tributed by finger 2. 

The DNA is most readily described by 
dividing it into three regions that have 



distinct conformations. The conserved re- 
gion, recognized by fingers 4 and 5, has a 
structure that is intermediate between that 
expected for B-DNA and that expected for 
A-DNA. This region is underwound (rela- 
tive to B-DNA), and has a deep major 
groove. The second region involves the 
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Fig. 1 . Sequences of the GLI zinc finger domain and the 
DNA-binding site used for cocrystallization. (A) The 
peptide contains 160 residues [corresponding to amino 
acids 232 to 391 of the GU protein (9)], and the current 
model includes residues 3 to 157 of this peptide. (The 
terminal residues are disordered in the crystal.) The GU 
peptide (A) was cloned, expressed in Escherichia cofi. 
and purified as described for Zrf (4). The cloned gene 
was sequenced, and the identity of the purified peptide 
was confirmed by high-resolution mass spectroscopy 
(27) . The five zinc fingers of GLI are aligned to show the 
conserved residues and secondary structures. The ap- 
proximate position of the a helix is underlined, and that 
of the p sheet is indicated by zig-zag lines. In finger Z 
the sheet region is perturbed by a three-residue inser- 
tion, and the second strand of the 0 sheet contains 
residues 49 to 51. Open boxes highlight residues that 

make base contacts in the crystal structure, and open circles highlight residues that make 
phosphate contacts. Symbols below the GU sequence indicate the corresponding positions 
of side chain-base (filled boxes) end side chain-phosphate contacts (fflied circles) that were 
observed in the Zf complex (4). (B) DNA duplex used for cocrystallization. In the crystal, 
these molecules stack head-to-tail, and the overhanging bases make Watson-Crick hydrogen 

bonds. Bold letters highlight the 9 base pairs that are conserved in the three high-affinity GU binding sites (7). Binding studies were performed with 
the purified GU peptide and a 45-bp DNA fragment that contained the site shown above. This complex has a dissociation constant of approximately 
20 nM (in the presence of 200 mM NaCI and nonspecific DNA at 25 tig/ml. Abbreviations for the amino acid residues are: A, Ala; C, Cys; D. Asp; E, 
Glu; F. Phe; G, Gly; H, His; I, lie; K. Lys; U Leu; M, Met; N, Asn; P, Pro; Q, Gin; R, Arg; S, Ser; T, Thr. V, Val; W, Trp; and Y, Tyr. 
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Fig. 2. Overview of the GU complex. (A) Stereo view, with fingers 1 
through 5 colored (respectively) purple, green, red. light blue, and yellow. 
The DNA is a darker blue. Cylinders and ribbons highlight the a helices 
and f* sheets, and the cobalt ions are shown as fight blue spheres. Note 
that finger 3 (in red) is directly behind the DNA in this view. (B) Sketch of 
the complex in a similar orientation. Samples were prepared for crystalli- 
zation, by the addition of CoCl 2 to the purified peptide (2.0 molar 
equivalents of Co 2 * per finger), adjusting the pH to 7.0 with 125 mM 
bis-tris-propane-HCI (BTP-HCI), and adding 1 .2 molar equivalents of the 
DNA fragment (Fig. 1B) in 100 mM BTP-HCl pH 7.0. Crystals were grown 



In an anaerobic chamber by the hanging drop vapor diffusion method. 
The best crystals were obtained when hanging drops were prepared by 
mixing a solution of the complex (containing 0.5 mM protein and 0.6 mM 
DNA) with an equivalent volume of well buffer containing 60 to 100 
mM MgClj, 20 to 25 percent PEG 400. and SO mM BTP-HCI (pH 7.0). 
Crystals grew In 2 to 3 weeks. They form in space group P2 % 2 y 2, with a « 
148.4 k b ~ 50.2 A. and c o 45.4 A; they have one complex in the 
asymmetric unit (28)]. 
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subsites where ringers 2 and 3 bind, and 
here the structure is more characteristic of 
standard B-DNA. Finally, there is a region 
just beyond finger 5 where the DNA is 
overwound, with a narrow helical radius 
and a shallow major groove. The transition 
to this overwound region occurs just at the 
edge of the conserved recognition se- 
quence, and thus is next to the bases that 
ringer 5 contacts. 

Protem-DNA interactions. Fingers 4 
and 5 of GU make most of the base con- 
tacts, and each of these fingers recognizes 
approximately half of a 9-bp conserved 
region (Fig. IB). As observed with the Zif 
fingers, fingers 4 and 5 of GU use residues 
from the NH 2 -terrainal portion of their a 
helices to contact the bases. Finger 4 has 



four residues-Ala 114 , Ser 115 , Asp 116 , and 
Lys 119 — that make base contacts (Figs. 3A 
and 4). These residues correspond to the 
first, second, third, and sixth residues of the 
a helix, anil they make contacts over a 5-bp 
region of the GU binding site. (Detailed 
contacts are listed in the legend to Fig. 4.) 
Finger 5 has five residues— Asp 144 , Ser 146 , 
Ser 147 , Arg 149 , and Lys 150 — that make base 
contacts (Figs. 3 A and 4). These residues 
correspond to the residue immediately pre- 
ceding the a helix and to the second, third, 
fifth, and sixth residues of this helix. The 
contacts made by finger 5 are spread over a 
4-bp region of the GU binding site (Fig. 4). 
When the finger sequences are aligned (Fig. 
1A), there is a clear correlation between 
the position of the GU residues that make 



Table 1. Data collection and structure determination. Data were collected with a RAXIS-IIC area 
detector. At room temperature, the crystals deteriorated after x-ray exposure for 1 to 2 hours. 
Diffraction data were collected at - 1 75*C to minimize radiation damage. Crystals were prepared for 
freezing by transferring them to a solution containing 15 percent isopropanol, 28 percent PEG 400, 
50 mM MgClz, 50 mM BTP-HCI (pH 7.0), and 16 pM CoCL. Crystals were then placed in a thin wire 
loop and frozen in a stream of nitrogen at minus 175°C. Derivatives were prepared by substituting 
5-iodouratil for thymine at bp 1 5, at bp 20, and at bp 21 (giving derivatives IdU 18 , IdU 20 , and idli 21 ). 
Mot ail of the frozen crystals were feomorphous, and it was necessary to collect several native and 
s&feraJ derivative data sets before we could solve the structure. Heavy-atom parameters for the 
dfejcpe derivatives were refined (with the program REFINE from the CCP4 package) (29), and multiple 
tfsfemorphou9 replacement (MIR) phases were calculated to 3.0 A resolution with the program 
rFHARE. Initial phases were improved by solvent flattening {30) t and a model containing the DNA 
Snd fingers 2 through 4 was built Into the MIR map by means of the program FRODO {31). This 
[martial model was refined by simulated annealing with the program X-PLOR (32), and fingers 1 and 
3 were located in 2|FJ - |FJ maps. After several cycles of refinement with the full model, X-PLOR 
/Yjmit maps were used to systematically check and rebuild every part of the complex. About 2 to 5 
^percent of the structure was deleted in each calculation, and simulated annealing was used to 
jreduce model bias in the omit maps. The only region of the complex that consistently had poor 
Selection density was the linker connecting fingers 1 and 2 (residues 32 to 35). and we presume that 
^this region Is disordered in the crystal. The TNT package (33) was used In the final stages of 
> refinement. To correct for anisotropic diffraction and for absorption problems during data collection. 
^ a local scaling program was used (34); this program scales the observed and calculated structure 
factor amplitudes. After several additional cycles of refinement, 44 water molecules were gradually 
^ added and Individual (correlated) temperature lectors were included. 
/} ■ __ 
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Measured reflections 


28039 
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Unique reflections 


10656 
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6811 


4451 


Data coverage (%) 


97.9 


68.3 


85.2 


89.3 


64.5 


6.72 


9.35 


8.16 


5.90 


8.70 


MIR analysis (Native 1) 












Resolution fimlts (A) 






20.0-3.0 


20.0-3.0 


20.0-3.5 


Mean isornorphous difference 






0.15 


0.14 


0.12 


Phasing power 






1.60 


1.48 


126 


Culiis R factor 






0.74 


0.73 


0.89 



Refinement: (Native 2) 

Resolution limits 7.0-2.6 

R factor 0.228 

Reflections with F > 2a 9187 

Total number of atoms 21 30 

Water molecules 44 

Rms in B values (A 2 ) 2.50f 

Rms in bond lengths (A) 0.01 5$ 

Rms in bond angles (deg.) 3.07$ 



a IftXJLt - | /XJE,^, where 4, is the mean intensity of the i observations of reflection h. Mean 
Isomorphoua difference m i\F PH - F p \/t F m where and F p are the derivative and native structure factor 
amplitudes, respectively. Phasing power - [{Fi^Wm**.* ' om ***** ° X *f«* 1 

- F^ctJWom - F <Ji for centric reflections, where F HUM is the calculated heavy atom structure factor. R factor 

- " F^ | /IF^. tThe rrra in B values to ofterma deviation fri temperature factors between bonded 
fRms In bonolengths and bond angles is the cms deviation of bond lengths end bond angles from ideal 
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base contacts and the position of Zif resi- 
dues chat make base contacts. However, 
there are differences in the precise way that 
each finger docks against die DNA (Fig. 5), 
and there are corresponding differences in 
the detailed pattern of interactions between 
side chains and bases interactions (Fig. 6). 
Although these complexes are related (Fig. 
5), the arrangements of the GLI fingers are 
different enough that these base contacts 
could not readily have been predicted from 
a knowledge of the Zif contacts. 

Fingers 4 and 5 also make a number of 
contacts with the phosphodiester oxygens. 
Hydrogen bonds are made by the side 
chains of Tyr 100 , Arg 117 , His 120 , and Thr 124 
in finger 4; by Lys 129 , which is in the linker 
between fingers 4 and 5; and by the side 
chains of Tyr 142 and Arg 149 in finger 5 (Fig. 
4). Finger 5 also makes one backbone-to- 
backbone contact. The peptide-NH of 
Thr 143 hydrogen bonds to a phosphodiester 
oxygen. Comparison of the positions of 
these residues in the GLI sequence with the 
positions of Zif residues that make phos- 
phate contacts (Fig. 1A) reveals only a 
weak correlation. Knowledge of the Zif 
contacts certainly would not have allowed 
us to predict the GU contacts. 

The docking arrangements for fingers 2 
and 3 of GU are generally similar to those 
observed with other fingers (Fig. 5), but 
these fingers only make a single base con- 
tact; Tyr 5 , which is the second residue in 
the a helix of finger 2, accepts a hydrogen 
bond from the N4 of the cytosine at base 
pair 19 (Fig. 4). Fingers 2 and 3 make a 
number of contacts with the phosphodiester 
oxygens. Hydrogen bonds are made fay the 
aide chains of Arg 46 , Lys 52 , and His 60 in 
finger 2, and by the side chains of Tyr 81 , 
Arg 83 , and Lys* 8 in finger 3. The peptide 
-NH of Tyr 55 also contacts a phosphodiester 
oxygen. (The side chain of this residue 
makes the only base contact in this region.) 
An additional contact is provided by the 
side chain of His 31 , which is in the linker 
region between fingers 1 and 2. Again, if we 
align fingers 2 and 3 of GLI with the Zif 
fingers, we find only a modest correlation in 
the positions of residues that make back- 
bone contacts. Although the overall dock- 
ing arrangements are similar in these two 
complexes, die fingers make significantly 
different contacts with the DNA backbone. 

When cc*isidering the GU complex, it 
is Important to recognize that the binding 
site used in our study was obtained by in 
vitro selection from genomic DNA (7), and 
some caution must be exercised because the 
biologically relevant binding site is un- 
known. These concerns are relevant to 
fingers 1, 2, and 3 because the dearth of 
base contacts in this region raises the pos- 
sibility that these fingers may represent a 
type of "nonspecific corr^lex". We cannot 
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exclude the possibility that these fingers 
might bind in a different way or might make 
additional contacts at some other binding 
site. Such concerns appear to be less rele- 
vant in regard to ringers 4 and 5 » since these 
fingers clearly bind in a sequence-specific 
manner and since the sequence of this 
region was the same in each of the high- 
affinity sites that was isolated. 

DNA structure. Examination of the 
DNA revealed three regions with distinct 
conformations, and structural parameters 
were calculated with a separate helical axis 
for each of these segments. The region 
containing base pairs 15 to 21, which cor- 
responds to the nonconserved portion of 
the GU binding site, has structural param- 
eters characteristic of standard B-DNA. 
This section of the DNA (region III in 
Table 2) has an average helical twist of 
34.7°, which corresponds to 10.4 bp per 
turn. There are small displacements of the 
bases from the helical axis, but the major 
groove is only slightly deeper than in ca- 
nonical B-DNA. 

Region II, which consists of base pain 7 
to 15 and thus is essentially coincident with 
the 9-bp consensus sequence, has a struc- 
ture that is intermediate between that ex- 
pected tor B-DNA and that expected for 
A-DNA. This section of the DNA has an 
average helical twist of 30.7° (11.7 residues 
per turn) and a rise of 3.08 A per base pair. 
Region II has an unusually deep major 
groove (the base pairs are displaced by about 
3 A) and a rather wide minor groove. The 
base pairs have a significant inclination 
(about 9°), and the backbone 8 angles show 
a 50/50 mixture of values expected for 
B-DNA and values expected for A-DNA 
(12, 13). It is interesting that this region 
contains the conserved part of the GU 
binding site and includes almost all of the 
base contacts. 

Region I, which consists of base pairs 2 
to 7, has several features that are character- 
istic of C-DNA. This region is overwound, 
with an average helical twist of 37.5° (cor- 
responding to 9.6 bp per turn) . This section 
of the DNA also has a shallow major groove 
(the helical axis passes through the minor 
groove) and an unusually small helical ra- 
dius. Although region I is not the primary 
binding site for any of the fingers, the 
transition between Regions I and II occurs 
near one end of the consensus sequence and 
seems to affect the position of a few bases 
that are contacted by finger 5. 

Finger structure. As expected, the 
structures of the GU finger s are v ery similar 
to those observed in other TFIIIA-like zinc 
fingers: Each finger contains a 3 sheet and 
an a helix that are held together by a 
central Zn ion. Superimposing fingers also 
shows that their tertiary structures are very 
similar. For example, residues 70 to 95 from 




Rnoer4 

Fig. 3, Rngers 4 and 5 of GU make 
extensive base contacts. (A) Fin- 
gers 4 and 5 of GU and bp 6 to 15 
of the DNA. The orientation is sim- 
ilar to that in Rg. 2, but the DNA 
has been tilted slightly to make the 
base contacts easier to see. Back- 
bone atoms are shown for residues 
99 to 157. and side chains are 
shown for residues that contact the 
bases: A ,w , S 115 . D ,,fl . and K ,,fl 
from finger 4; D 14 \ S t4 « S ,4T , 
and K 100 from finger 5. The cobalt 
ions are shown as circles. (To pre- 
vent the diagram from becoming 
too crowded, only residues A 114 
and R' 49 have been labeled.) (B) 
Electron density (blue) from a 2\FJ 
- |FJ map in the vicinity of finger 4 
(contoured at 1 .5 rms above the 
average density). The peptide is 
shown in yellow, and the side chains of Ser" 6 , Asp 116 , and Lys"» are labeled. The DNA is shown 
in red. (The cytoslne that i s contacted by Asp 1 ,e is just beyond the block of density that is displayed 
in this figure.) 



finger 3 of GLI can be superimposed on 
finger 1 of Zif with a root-mean-square 
deviation of 0.79 A for the Ca coordinates 

(14) . 

Some of the fingers in GU have a 
His-Xj-His spacing in the a helical region 
while others have a His-X 4 -His spacing. 
Thus fingers 2 and 3 of GU have three 
residues between the histtdines, and their a 
helices are similar to the Zif helices. Fingers 
1, 4, and 5 of GU have four residues 
between the conserved histidines. In these 
fingers, the regular a helix typically ends 
one residue before the second histidine, and 
the backbone continues with a wider turn- 
However, the second histidine is still con- 
strained by the zinc ion, and die additional 
residue does not change the overall arrange- 
ment of the polypeptide chain as it comes 
out of the helical region. It is possible that 
structural differences in this COOH-terml* 
rial portion of the a helix affect the arrange- 
ment of the subsequent linker and finger 

(15) but the differences are complex 
enough that it is not possible to describe the 



His-X 3 -His to His-X^His change in terms 
of a simple structural switch. 

Finger 1, which does not contact the 
DNA, makes extensive r^oteiiH»otein ab- 
actions with ringer 2. Surprisingly, these fin- 
gers are related by a local twofold rotation 
axis, and they have a pair of hydrogen bonds 
connecting their polypeptide backbones. 
(The CO of residue 7 and the -NH of residue 
9 are involved in hydrogen bonds with the 
-NH of residue 40 and the OO of residue 42.) 
These backbone hydrogen bonds flank tryp- 
tophans (Trp 3 and Trp 41 ) that make critical 
hydrophobic contacts at the interface of the 
two fingers. Many other residues contribute 
hydrophobic contacts or hydrogen bonds that 
stabilise this interaction (16). 

There only are a few contacts between 
the other fingers, and these contacts are 
similar to ones seen in Zif (17). The con- 
formations of the linker regions between 
these other fingers are generally similar to 
those seen in Zif. However, there are dif- 
ferences in the precise arrangements, and 
these modest differences may help to deter- 
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Fig. 4 (right). Sketch summarizing base and 
phosphate contacts made by the GU peptide. 
The DMA is represented as a cylindrical projec- 
tion that has been "unwrapped" to provide a 
continuous view of the major groove over a 
region containing about 1 .5 helical turns. Solid 
arrows indicate base contacts and dotted ar- 
rows indicate phosphate contacts. (The con- 
tacted bases and phosphates are shaded for 
clarity.) Base contacts made by fingers 4 and 5 
are as follows: Ala H4 makes van der Waals 
contact (3.5 A) with the methyl group of the T; 
Ser ns donates a hydrogen bond to the 06 of 
the G white the C p of this residue makes van der 
Waals contact (3.1 A) with the methyl group of 
the T; Asp 116 accepts a hydrogen bond from 
the N4 of the C: Lys 1 " hydrogen bonds to the 
06 of the G at bp 12. (The amino group of 
Lys 119 also comes within 3.4 A of the 06 of the 
G at bp 13.) Asp 144 accepts a hydrogen bond 
from the N4 of each C; Ser 1 413 hydrogen bonds 
to the 06 of the G; Ser 147 hydrogen bonds to 
the N7 of the A; Arg ,4B donates hydrogen 
bonds to (i) the N7 of the G. (ii) the hydroxy! of 
Ser 146 , and (Hi) a phosphodiester oxygen from 
the T at bp 1 0; Lys 160 hydrogen bonds to the N7 
and 06 positions of the G. 

mine the precise spacing and orientation of 
the neighboring ringers. 

Perspectives on Zn finger-DN A recog- 
nition. The crystal structure of the Zif268 
complex gave an initial view of Zn finger- 
DN A interactions, but with only one struc- 
ture available it was impossible to deter- 
mine which features were peculiar to Zif 
(and its closest relatives) and which fea- 
tures were characteristic of Zn fingers in 
general. Comparing the Zif and GLI struc- 
tures provides a broader perspective on 
many of the fundamental questions about 
Zn finger-DNA interactions. 

The overall arrangement of fingers 2 
through 5 in GU is similar to the arrange- 
ment in Zif. The fingers bind in the major 
groove with the NH 2 -terminal portion of 
their a helices closest to the bases, and 
successive fingers wrap around the double 
helix (Figs. 2 and 5). The Zif and GLI 
complexes also have related patterns of side 
chain-base interactions (Fig. 6). Specifical- 
ly: (i) There are four bases in each subsite 
that are contacted most frequently, (ii) 
There are four positions on the a helix that 
usually provide the critical contacts, (tii) 
There is a clear correlation between the 
position of a residue on the a helix and the 
position (within the finger's subsite) of the 
base that it contacts. (The correlation of 
residue positions and base positions is most 
striking for Zif, but more than half of the 
GU contacts involve alignment of analo- 
gous residues and bases.) However, there 
also are differences in the precise docking 
arrangements, such as: (i) The subsites for 
fingers 4 and 5 of GLI are somewhat farther 
apart than any of the Zif subsites. (ii) A 
majority of the Zif contacts involve one 




Fig. S (above). Comparison of docWng ajrangements in the GU and Zf complexes. The complexes 
have been dissected to show the Individual fingers and their subsites, and these "mini-oomplexe8 M 
have been aligned by superimposing the P atoms of the DNA backbone. Residues in the second 
0 strand and residues in the a helix of each finger are shown as Ca traces. The three Zif fingers are 
purple; the GLI fingers are green (finger 2). red (finger 3). light blue (finger 4), and yellow (finger 5). 
The DNA subsites are blue, and the complexes are viewed looking down the DNA axes. The DNA 
subsites used in making these GU minkxmptexes have a simple 3-bp pertodicity. and thus the 
subsites are centered on base pairs 7 to 9 (finger 5). 10 to 12 (finger 4), 13 to 15 (finger 3). and 16 
to 1 8 (finger 2). All of the fingers have basically similar docking arrangements, but differences can 
involve translations as targe as 5 A and rotations as large as 25°. and these clearly are critical for 
recognition. (The Zf fingers are most simitar to each other; docking arrangements in GU are more 
variable.) 
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Fig. 6. Comparison of base contacts in the GU and Zf 
complexes. Mapping base contacts with the subsiles for 
individual fingers reveals similar patterns relating the posi- 
tion of a residue in the a helix and the position of the base 
thai tt contacts. The subsites used in Rg. 5 are used for the 
Zif fingers and for fingers 2, 3, and 4 of GU. Finger 5 of GLI 
is aligned with the use of the side chain-base contacts to 
provide a frame of reference, and this gives a subsite 
centered on bp 6 to 8. (In this alignment, the subsites for 
fingers 4 and 5 are separated by an adtftional base pair.) 
Residue positions are numbered with respect to the start of 
the o helix (where -1 denotes the residue immediately 
preceding the helix). Rectangles represent the bases in a 
canonical subsite (viewing the major groove as in Rg. 4), 
and the three bases corresponding to the primary strand of 
the ZH subsites (4) have been highlighted to facilitate 
comparisons. This chart includes three hydrogen bonds- 
one made by each of the Asp residues at position 2 in the 
Zif helices— that were not emphasized in our original dis- 
cussion of the Zif complex (4). Although their hydrogen 
bonding geometry is not ideal (36), these residues may 
contribute to specificity and are included here for com- 
pleteness. 



strand of the DNA, but the GU contacts 
are more evenly distributed between the 
two strands, (iii) GLI makes a number of 
interactions between side chains and bases 
that were not seen with Zif. Comparing Zif 
and GLI makes it appear quite unlikely that 



there will be any simple, general "code" 
describing Zn finger-DNA interactions. 

Comparison of the Zif and GLI com- 
plexes also reveals distinctive features of the 
DNA conformation. Although our original 
description of the Zif DNA (4) focused on 



Table 2. DNA conformational parameters calculated with the program NEWHEUX (35). Twist and 
rise were calculated with the use of the C1 ' atoms; slide, inclination, tip, and X dsp (X displacement) 
were calculated from the C 6 (pyrimtdines) or C e (purines) atoms. The twist, rise, and slide values are 
measured with reference to the base pair shown in the next tine of the table. 



Base pairs 


Twist 
(deg) 


Rise 
(A) 


Slide 
(A) 


Inclination 


Tip 
(deg) 


XDsp 
W 


2CG 






Region 1 








45.18 


3.26 


2.17 


-0.60 


0.08 


3.76 


3GC 


32.26 


3.42 


153 


-0.25 


324 


3.08 


4T-A 


46.89 


2.89 


1.98 


-3.40 


1.12 


2.79 


5G-C 


27.45 


4.04 


1.07 


-4.06 


-0.37 


2.31 


6G-C 


35.92 


3.82 


0.78 


-4.67 


7.62 


3.03 


7 AT 








-1.20 


9.19 


2.13 


Mean 


37.54 


3.48 


1.45 


-2.37 


3.48 


2.85 


7A-T 






Region II 








35.59 


3.10 


-0.05 


4.68 


3.71 


-2.49 


8CG 


26.87 


. 3.06 


-1.07 


11.51 


3.45 


-1.91 


9CG 


38.34 


3.11 


-0.36 


9.61 


2.41 


-2.62 


10A-T 


31.22 


3.43 


-1.17 


8.96 


-3.38 


-332 


11 OG 


25.53 


2.77 


-2.40 


5.98 


353 


-3.14 


12C-G 


28.43 


3.29 


-0.57 


1.63 


4.12 


-3.65 


13 CG 


33.16 


2.87 


-1.14 


11.67 


14.13 


-2.78 


14A-T 


26.30 


3.03 


-1.09 


13.48 


12.72 


-3.72 


15A-T 








14.74 


10.14 


-4.06 


Mean 


30.68 


3.08 


-0.98 


9.14 


5.62 


-3.08 


15A-T 






Region HI 








40.33 


2.50 


-0.41 


11.00 


796 


-0.63 


16G-C 


3502 


3.51 


-0.16 


9.06 


1.15 


-0.77 


17A-T 


22.46 


3.82 


0.01 


5.65 


1.38 


-0.66 


18C-G 


37.19 


3.30 


0.38 


8.16 


2.08 


-1.01 


19G-C 


42.47 


2.66 


-0.17 


6.94 


2.90 


-056 


20 AT 


30.85 


2.69 


-023 


5.80 


-657 


-0.18 


21 A-T 








1.83 


-14.42 


-0.84 


Mean 


34.72 


3.08 


-0.10 


6.92 


-0.75 


-0.65 



features that were similar to those expected 
for B-DNA, further analysis shows that the 
Zif DNA is underwound and has a deeper 
major groove than would be expected for 
canonical B-DNA (13, IS). These features 
are much more pronounced in certain re* 
gions of the GLI complex. The conserved 
region recognized by fingers 4 and 5 of GU 
has a DNA conformation that is interme- 
diate between A-DNA and B-DNA, and 
this observation is consistent with reports 
indicating that the binding sites for other 
Zn fingers may have some features charac- 
teristic of A-DNA (19). 

In the Zif complex, each of the fingers 
makes generally similar contributions to 
DN A-binding, but the GU complex shows 
that different fingers can have very different 
roles in recognition. Some fingers will make 
base contacts; some will make phosphate 
contacts; others will not contact the DNA 
at all. Recent chemical and biochemical 
studies of TFIIIA (20) have emphasized the 
distinct roles played by different sets of 
fingers, and the GU complex provides a 
new perspective for thinking about such 
polyfinger complexes. The critical roles 
that fingers 4 and 5 play in the GU com- 
plex may have a parallel in TFIIIA, where 
it has been shown that a peptide containing 
fingers 1 through 3 binds almost as tightly as 
the intact nine-finger protein (21). It 
should not be surprising that adequate spec- 
ificity can be provided by a few critical 
fingers and that different fingers can have 
very different roles in a polydactyl complex. 

The differences between Zif and GU 
also suggest that it is necessary to keep track 
of relationships within families and subfam- 
ilies when modeling other Zn finger-DNA 
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interactions. Some proteins are siblings, 
while others are distant relatives. For exam* 
pie, Krox-20 (22), WT-1. and Spl have 
fingers homologous to the Zif fingers and 
appear to recognize related DNA se- 
quences. GLi is a more distant relative of 
Zif, but has its own subfamily. Thus, GLU 
(23. 24), tra-1 (25), and ciD (26) have 
Angers homologous to those of GLI, and it 
has been shown that the GLD protein 
binds specifically to the GLI consensus 
binding site (24). Thus, modeling efforts 
should be far more reliable when the struc- 
ture of a closely related complex is known. 

Finally, the GLI structure has implica- 
tions for attempts to design novel zinc 
finger proteins. It still appears that the Zn 
finger motif will provide an excellent frame- 
work for designing and selecting DNA- 
binding proteins with novel specificities. 
(The amazing diversity of TFUIA-like fin- 
gers that are found in nature provides the 
clearest proof of principle for these design 
strategies.) However, the GU structure 
shows that design strategies need not be 
constrained by rigid rules which assume 
that all fingers will dock in the same way. 
Seeing the variety of structural arrange- 
ments that occur in Zif and GLI helps us 
understand the versatility of this zinc finger 
motif. Screening and selection methods 
that can test millions of different arrange- 
ments should be inherently more powerful 
than rule-based design strategies. The pos- 
sibilities for Zn finger-DNA interactions 
are richer and more complex than one may 
have assumed. 
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Laminin-5, the major extracellular matrix protein pro- 
duced by mammary epithelial cells, is composed of three 
chains (designated <*3A, 03, and y2), each encoded by a 
separate gene. Laminin-5 is markedly down-regulated in 
breast cancer cells. Little is known about the regulation 
of laminin gene transcription in normal breast cells, nor 
about the mechanism underlying the down-regulation 
seen in cancer. In the present study, we cloned the pro- 
moter of the gene for the human laminin «3A chain 
(LAMA3A) and investigated its regulation in function- 
ally normal MCF10A breast epithelial cells and several 
breast cancer cell lines. Using site-directed mutagenesis 
of promoter-reporter constructs in transient transfec- 
tion assays in MCF10A cells, we find that two binding 
sites for Kruppel-like factor 4 (KLF4/GKLF/EZF) are re- 
quired for expression driven by the LAMA3A promoter. 
Electrophoretic mobility shift assays reveal absence of 
KLF4 binding activity in extracts from T47D, MDA-MB 
231, ZR75-1, MDA-MB 436, and MCF7 breast cancer cells. 
Transient transfection of a plasmid expressing KLF4 
activates transcription from the LAMA3A promoter in 
breast cancer cells. A reporter vector containing dupli- 
cate KLF4-binding sites in its promoter is expressed at 
high levels in MCF10A cells but at negligible levels in 
breast cancer cells. Thus, KLF4 is required for LAMA3A 
expression and absence of laminin <*3A in breast cancer 
cells appears, at least in part, attributable to the lack of 
KLF4 activity. 



The laminin family of extracellular matrix glycoproteins is 
heterotrimeric proteins consisting of three distinct subunits, 
designated a, /3, and y that are encoded by the LAMA, LAMB, 
and LAMC genes, respectively. To date there are five a chains, 
three /3 chains, and two y chains that assemble into 12 lami- 
nins. Laminin-5 («3A, /33, and y2) is the major extracellular 
matrix protein produced in mammary epithelial cells. In these 
cells laminin-5 functions as a ligand for the « 3 j3] and <x 6 p 4 
integrins to regulate adhesion, migration, and morphogenesis 
(1). Loss of laminin-5 has been found in breast cancer progres- 
sion. Henningef al. (2) demonstrated a loss of laminin-5 protein 
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expression by immunostaining in malignant lesions while be- 
nign ductal and lobular proliferations and fibroadenomas show 
continuous laminin-5 staining at the epithelial -stromal inter- 
face. Martin et aL (3) used a molecular approach to analyze 
mRNA expression of the laminin-5 subunits and found no ex- 
pression in late stage tumors and decreased expression in early 
stage tumors compared with normal breast epithelial cells. 

The murine LAMA3A promoter has been studied and found 
to contain three binding sites for the complex dimeric tran- 
scription factor, AP-1, one site of which is essential for basal 
expression of LAMA3A in keratinocytes (4). Mutation of this 
single key AP-1 site reduced promoter activity by —90% while 
mutation of the other two sites had much less effect (4). In the 
present study we analyze the human LAMA3A promoter in the 
MCF10A mammary epithelial cell line and the T47D breast 
cancer cell line. We sought to find a mechanism that would 
explain the LAMA3A down-regulation in the nonexpressing 
cells. In doing this, we demonstrated a key role for the tran- 
scription factor Kruppel-like factor 4 (KLF4) 1 in regulating this 
gene. 

KLF4, also known as gut-enriched Kruppel-like factor 
(GKLF) and epithelial zinc finger (EZF), is a member of the 
Kruppel-type zinc finger transcription factors (5-8). One of the 
best known members of this family is the erythroid Kruppel- 
like factor that is involved in the activation of the £-globin 
promoter in red blood cells (9). The family also includes LKLF 
(10), UKLF (11), IKLF (12), BTEB2 (13), and BKLF (14), many 
of which are tissue specific in their expression. Members of the 
Kruppel-type family are highly conserved in the carboxyl-ter- 
minal region that contains three zinc fingers and they bind 
similar GC-rich recognition sequences. KLF4 is a nuclear pro- 
tein shown to contain both transcriptional activation and re- 
pression domains (8). In keratinocytes, KLF4 activates the 
keratin 4 promoter and may be important in the transition 
toward differentiation (7). KLF4 has also been shown to be 
involved in the regulation of the CYP1A1 gene (15). This report 
describes the novel role of this factor in the regulation of the 
LAMA3A promoter. Through transient transfections and 
EMSA we show that KLF4 activates expression of the LAMA3A 
gene in MCF10A cells and that loss of KLF4 activity is in part 
responsible for the loss of LAMA3A expression in breast cells. 

EXPERIMENTAL PROCEDURES 

Cell Culture and Transfections — MCF10A (a nontransformed, spon- 
taneously immortalized human breast epithelial cell line) and M-H cells 
(a hygromycin resistant subclone of MCF10A cells) were maintained as 
previously described (16). T47D cells were cultured in RPMI 1640 



1 The abbreviations used are: KLF4, Kruppel-like factor 4; GKLF, 
gut-enriched Kruppel-like factor; EZF, epithelial zinc finger; EMSA, 
electrophoretic mobility shift assay. 
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medium supplemented with 0.01 mg/ml insulin and 10% heat inacti- 
vated fetal bovine serum. MDA-MB 231, MCF7, and ZR75-1 cells were 
cultured in RPMI 1640 medium supplemented with 10% fetal bovine 
serum and 300 fig/nil glutamine. MDA-MB 436 cells were cultured in 
RPMI 1640 medium supplemented with 10% fetal bovine serum, 0.01 
mg/ml insulin, and 16 vg/ml glutathione. MCF10A and T47D cells were 
transfected in log growth phase at a density of 1 X 10 5 cells per well in 
6-well plates using the Superfect Transfection Reagent (Qiagen, Inc.) 
per the manufacturer's protocol. Quantities transfected of the respec- 
tive vectors are indicated in the figure legends. Cells were harvested in 
Reporter Lysis Buffer (Promega Corp.) between 24 and 48 h. Luciferase 
activity was assayed by mixing aliquots of cell extracts with luciferin 
reaction mixture (Promega Luciferase Assay Kit) and emission of light 
was quantitated with a Microlumat luminometer. 0-Galactosidase ac- 
tivity was determined using the 0-Galactosidase Luminescence Kit 
(CLONTECH Laboratories, Inc., Palo Alto, CA) per the manufacturer's 
instruction. Transfections were normalized for efficiency by normaliz- 
ing relative light units from the 0-galactosidase assay to the luciferase 
light units for each individual sample. 

Plasmids — The sequence for the intron between LAMA3B exon 1 and 
LAMA3A exon 1 which has been shown to constitute the LAMA3A 
promoter in mouse was kindly provided by Dr. Angela Christiano (Co- 
lumbia University, New York). Based on this sequence, primers were 
designed to amplify 1410 base pairs of this intronal promoter. The 5 f 
primer 5'-CAGGTACCAAGTTTTCCCATCCGCAACATTTCC-3' that 
has a Kpnl site engineered into the 5' end and the 3' primer 5'- 
CAGCTAGCAGGCTGACCGCCTCACTGCTGGAGG-3' that has an 
Nhel site engineered were used in polymerase chain reaction of genomic 
DNA from MCF10A cells. The polymerase chain reaction fragment was 
TA cloned into the pGEMT vector (Promega), then excised by Kpnl and 
Nhel, and cloned into the pGL2 basic vector (Promega) that was di- 
gested with Kpnl and Nhel. The resulting vector was transformed into 
XL1 Gold Supercompetent cells (Stratagene), named pL3A and contains 
the human LAMA3A promoter upstream of a luciferase reporter gene. 
Three separate colonies were sequenced and the consensus sequence 
was submitted to GenBank™ (accession number AF279435). Restric- 
tion sites were identified using MAP functions of GCG software. The 
adenine of the initiator ATG codon was designated base +1. 

Dr. Mu-En Lee kindly provided the pcDNA3-hEZF vector containing 
the full-length cDNA for human KLF4 in the pcDNA3 mammalian 
expression vector (8). The TDA(WT)x2-pGL2-TATA-Luc and TDA(M6- 
Mut)x2-pGL2-TATA-Luc vectors were kindly provided by Dr. Vincent 
Yang (The Johns Hopkins University) (17). The cytomegalovirus-/3- 
galactosidase vector was used as an internal control in transfections. 

Site-directed Mutagenesis — The Quik-Change Mutagenesis kit from 
Stratagene was used to create site-directed mutants of the full-length 
pL3A vector. An oligonucleotide that changes overlapping KLF4- 
binding sites starting at base pair -412 from 5'-CTTCCCCTTCCTC- 
CAT-3' to 5'-CTTCCTTTTCAGCCTCCAT-3' created mutation pL3A- 
KLF4mutl. pL3A-KLFmut2 changes the KLF4 site at -367 from 5'- 
GAGGGAAAGAGAGGGACT-3' to 5 ' -GAGGGAAAG AGATTGACT-3 ' . 
The pL3A-AP-lmut3 changes the AP-1 site at base pair -185 from 
5'-GCTGACTCATG-3' to 5'-GCTGCCTTATG-3\ This corresponds to 
the AP-1B site described in the mouse promoter by Virolle et al. (4), The 
overlapping USF site found near the AP-1 site starting at base pair 
-179 was mutated from 5 ' -TC ATGTGTG AAGTT-3 ' to 5'-TCATGCAT- 
GAAGTTT-3' to create pL3A-USFmut4. The KLF4 site at base pair 
-168 5 ' -GTTTAAAGGTGG GG-3 ' was changed to 5'-GTTTAAAGGTG- 
GTT-3' to create pL3A-KLF4mut5. Two overlapping KLF4-binding 
sites were mutated in pL3A-KLF4mut6 changing 5'-ATAAGAGGAA- 
GAGG-3' to 5 ' -ATAAGATTAAG ATT-3 ' starting at position -87. All 
vectors were sequenced by the Northwestern Biotechnology Facility to 
verify the correct mutations were created. 

EMS A — Nuclear extracts were prepared by collecting cells in cold 
Buffer A (10 mM HEPES pH 7.9, 1.5 mM MgCl 2 , 10 mM KC1, 0.5 mM 
dithiothreitol, 0.2 mM phenylmethylsulfonyl fluoride) and incubated on 
ice for 10 min. Cells were then frozen and thawed once and vortexed for 
10 s. Nuclei were pelleted by brief centrifugation and resuspended in 
cold Buffer C (20 mM HEPES pH 7.9, 25% glycerol, 420 mM NaCl, 1.5 
mM MgCl 2 , 0.2 mM EDTA, 0.5 mM dithiothreitol, 0.2 mM phenylmeth- 
ylsulfonyl fluoride), incubated for 30 min, briefly centrifuged to remove 
debris, and the nuclear extract supernatant was collected and stored at 
-70 °C. Primers to the pL3A vector were used to amplify probe A, the 
103-base pair fragment spanning bases -199 to -97, for gel shift 
analysis, 5-CGCTCTGGCACAGG-3' 5'-TTCCTGCTCAGTGCC-3'. 
Probe A was radiolabeled with |<x- :)2 PldCTP (Amersham Pharmacia 
Biotech) using T4 polynucleotide kinase. Probe B (-84 to -62) was 
created by annealing two oligonucleotides, 5'-AGAGGAAGAGGCA- 



GAGGTTC-3' and 5'-CAGGAACCTCTGCCTCTTCCT-3', that contain 
base pair overhangs that were radiolabeled using DNA polymerase in 
the presence of (a- 32 PldCTP (Amersham Pharmacia Biotech). The oli- 
gonucleotide containing the KLF4 consensus sequence designated TDA 
by Shields and Yang (15) and an oligonucleotide based on the TDA with 
2 base pairs mutated that does not bind KLF4 designated TDAmut 
were created as described by Shields and Yang (17) and end labeled as 
Probe A. Labeled probes were then separated from free [ti- 32 P]dCTP 
using Sephadex ProbeQuant G-50 micro columns (Amersham Pharma- 
cia Biotech). Binding reactions included: «- 32 P-labeled DNA probes (1-5 
ng, 100,000 cpm); 4 fig of poly(dI-dC); 10 /ig of nuclear extract; 5 p% of 
bovine serum albumin; 6 /xl of 5 X binding buffer (50 mM HEPES pH 
7.9, 5 mM dithiothreitol, 0.5% Triton X-100, and 2.5% glycerol); and the 
appropriate volume of H 2 0 to a final volume of 30 pi. Binding reaction 
mixtures were then incubated at 30 °C for 30 min. Bound products were 
resolved by electrophoresis through a 7 or &% native polyacrylamide gel 
in 1 x running buffer (50 mM Tris, 0.38 m glycine, 2.0 mM EDTA, pH 
8.5). Gels were dried with a Bio-Rad Gel Dryer for 45 min at 85 °C, 
followed by exposure to Hyperfilm-MP (Amersham Pharmacia Biotech) 
at -70 °C. Film was then developed using an x-ray film processor (Fuji). 

To deplete extracts of KLF4, 50 pi of nuclear extracts from an 
MCF10A subclone were incubated for 4 h at 4 °C with either 20 pi of 
rabbit preimmune serum or 10 pi each of KLF4 anti bodies from Dr. 
Yang (6) and Dr. Tseng (18) and 40 pi of protein G-agarose beads (Life 
Technologies). Samples were briefly centrifuged, and supernatants 
were used in gel shifts as described above. 

Competition experiments consisted of 150 x molar excess for the 
TDA, AP-1, and AP2 oligonucleotides that were pre incubated with 
nuclear extracts for 30 min at room temperature before proceeding to 
the binding reactions with the 103-base pair DNA fragment. AP-1 and 
AP2 duplex oligonucleotides were obtained from Stratagene, the AP2 
oligonucleotide serving as a nonspecific control. Competition of the 
labeled TDA probe consisted of 125 x molar excess of TDA(WT) and 
TDA(M6-mut) oligonucleotides in Fig. 6A and 250 x molar excess in 
Fig. 6R 

Western Analysis — Cells were lysed in RIPA buffer (50 mM Tris, pH 
8.0, 150 mM NaCl, 1% Nonidet P-40, 0.5% deoxycholic acid, .1% SDS, 1 
mM EDTA, 20 pg/ml phenylmethylsulfonyl fluoride, 1 pg/ml pepstatin, 
1 pg/ml leupeptin, 1 pg/ml aprotinin). Protein concentrations were 
determined using the Bio-Rad protein reagent assay, 40 pg of protein 
were electrophoresed by SDS -polyacrylamide gel electrophoresis, trans- 
ferred to nitrocellulose, and blotted using the rabbit polyclonal anti- 
KLF4 antibody (Santa Cruz Biotechnology, Santa Cruz, CA). Goat 
anti-rabbit HRP (Bio-Rad Laboratories) was used as a secondary anti- 
body and detected using ECL reagent (Amersham Pharmacia Biotech). 

RESULTS 

The a3 Subunit of Laminin-5 Is Not Expressed in Breast 
Cancer Cell Lines — There is previous evidence that laminin-5 
is down-regulated in breast cancer cell lines. Examination of 
mRNA in breast tumor cells showed that laminin «3 was 
greatly reduced or not present at all in breast tumor tissue and 
15 breast cancer cell lines including T47D, MCF7, ZR75-1, 
MDA-MB 436, BT474, MDA-MB 361, and MDA-MB 231 (3). 
Long exposure of Northern blots revealed very low level expres- 
sion in breast cancer cell lines, ruling out systematic deletion of 
this gene in breast cancer (3). The main transcript of the 
laminin-5 a3 subunit in mammary epithelia is the LAMA3A 
isoform (19). In the mouse the genetic structure of the 
mLAMA3 gene consists of the rnLAMA3A and mLAMA3B iso- 
forms that each contain a unique exon 1 that is expressed using 
alternative promoters. Exon 1 of mLAMA3B is upstream of the 
mLAMA3A exon and the intron region between these exons 
contains the promoter for the mLAMA3A isoform. The genetic 
structure for the human LAMA3 was previously described by 
Pulkinnen et al. (20) and is very similar to the mouse organi- 
zation. We cloned the human intron region between the 
LAMA3B and LAM A3 A exons into the pGL2 reporter vector 
and tested the transcriptional activity in MCF10A cells and 
T47D cells. We found that the resulting vector, pL3A, con- 
tained potent transcriptional activity when transfected into 
MCF10A cells but had no activity in T47D cells when compared 
with the activity of empty vector (Fig. 1A). 
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Fig. 1. Control of LAMA3A by KLF4 and AP-1. A, expression of 
LAM A3 A is decreased in breast cancer cells. Transient transfection of 1 
i±g of the pL3A vector containing the human LAMA3A promoter in the 
pGL2 basic vector was compared with transfection of 1 /xg of pGL2 basic 
vector in MCF10A and T47D cells. All wells were transfected with 200 
ng of a cytomegalovirus-0-galactosidase vector. Transfections were nor- 
malized to 0-galactosidase activity. MCF10A cells contain high 
LAMA3A promoter activity, while T47D cells have very low expression. 
Data represents at least two experiments performed in triplicate. Error 
bars represent standard error. B, transient transfection of pL3A mu- 
tant vectors in MCF10A cells. 1 /xg of each vector was co-transfected 
with 200 ng of cytomegalovirus-/3-gal. Luciferase counts were normal- 
ized to /3-galactosidase activity to determine relative light units. A 
schematic diagram depicting locations of the binding sites that were 
mutated is shown directly above the graph. White boxes are KLF4- 
binding sites, the gray box is the mutated AP-1 site, and the black box 
is the USF site. Data represent at least two experiments performed in 
triplicate. Error bars represent standard error. 



KLF4 Regulates LAMA3A Promoter Activity — The murine 
LAM A3 A promoter contains three AP-1 sites (AP-1 A, AP-1B, 
and AP-1C) that are involved in the up-regulation of this gene 
by transforming growth factor-/3 in keratinocytes (4). One of 
these sites, designated AP-l-B is critical for basal expression as 
well (4). Computer analysis of the human LAMA3A promoter 
sequence using the Matinspector software (21) revealed several 
putative transcription factor-binding sites. As in the mouse 
promoter, there are three AP-1 sites identified in the human 
promoter at -387, -185, and -127. Ten putative KLF4-bind- 
ing sites were noted throughout the 1410-base pair promoter 
and are located at positions -1327, -921, -892, -572, -412, 
-407, -367, -167, -87, and -81. KLF4 sites at -412 and 
-407 overlap as do the sites at -87 and —81. Bases upstream 
of position -589 lacked promoter activity (data not shown) and 
we further examined transcription factor-binding sites between 
bases -589 and —6. To analyze which specific transcription 
factors may be involved in the regulation of this promoter, 
site-directed mutations were created in the full-length pL3A 
vector. We found that mutation of the AP-1 site homologous to 
the key mouse AP-1B site (4) at position -185 in vector pL3A- 
AP-lmut3, nearly abolished transcription in MCF10A cells, 
while a mutation targeting a nearby putative USF1 site in 




D 



Fig. 2. AP-1 and KLF4 bind the LAMA3A promoter sequence. A, 

the 103-base pair oligonucleotide was polymerase chain reaction am- 
plified, radiolabeled, and incubated with nuclear extracts from 
MCF10A, T47D, MDA-MB 436, MDA-MB 231, and MCF7 cells. The 
TDA (KLF4 consensus binding site), AP-1, and AP2 competitor oligo- 
nucleotides were added to 150 X molar excess. AP2 competitor oligo- 
nucleotide was used as a nonspecific competitor since there are no AP2 
consensus sequence sites in this DNA fragment. Binding reactions were 
electrophoresed in a 1% native polyacryl amide gel. AP-1 specific bind- 
ing indicated by an arrow is seen in all cell types (compare lanes 3 and 
4, 7 and 8, 11 and 12, 15 and 16, and 19 and 20). The KLF4 specific 
complex indicated by an arrow was found only in the MCF10A cells 
were KLF4 specific oligonucleotide competed this complex (lane 5) 
where the AP-1 and AP2 oligonucleotides did not (lane 3 and 4, respec- 
tively). Lane 1 shows free probe (FP). B, nuclear extracts from a 
MCF10A subclone were depleted of KLF4 by incubation with anti-KLF4 
antibody and protein G-agarose beads for 4 h at 4 °C, centrifuged, and 
supernatants were used in gel shift assays. Lane 1, extracts cleared 
with rabbit preimmune serum. Lane 2, extracts cleared with anti-KLF4 
antibody. C, purified KLF4 binds the LAMA3A promoter. Probe B 
spanning bases -84 to -62 is shifted with purified KLF4 (the generous 
gift of Dr. Anil Rustgi) (lane 1), and MCF10A extract (lane 2) but not 
MCF7 extract (lane 3), T47D extract (lane 4), or MDA-MB 231 extract 
(lane 5). D, supershift of KLF4 using a probe containing the KLF4- 
binding site at position -87. A 24-base pair probe was labeled and 
incubated with MCF10A nuclear extracts plus 4 /u.1 of preimmune serum 
(lane 1) or MCF10A extracts plus 4 jxl of anti-KLF4 antibody (the 
generous gift of Dr. Chi-Chuan Tseng) (lane 2). Arrow indicates the KLF 
band shift supershifted in the presence of the anti-KLF4 antibody. 

vector pL3A-USFmut4 at position - 180 had no effect (Fig. IB). 
We were interested in the KLF4-binding sites and found that 
mutations in the KLF4«binding sites closest to the transla- 
tional start site most dramatically decreased transcriptional 
activity in MCF10A cells (Fig. IB). Mutation of the single KLF4 
site at -167 in vector pL3A-KLF4mut5 abolished 63% of tran- 



42866 



KLF4 Regulates LAMA3A Expression 




75 - 

50- 



Fig. 3. KLF4 is expressed in MCF10A but not MCF7, T47D, or 
MDA-MB 231 breast cancer cells. Forty micrograms of whole cell 
extract from MCF-7 (lane 1\ MCF10A (lane 2\ T47D (lane 3), and 
MDA-MB 231 (lane 4) cells were electrophoresed by SDS-poiyacryl- 
amide gel electrophoresis, transferred to nitrocellulose and blotted with 
KLF4 antibody (Santa Cruz Biotechnology) at a dilution of 1:1000. 
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Fro. 4. Tumor cell lines lack KLF4 transcriptional activity. 

LAMA3A nonexpressing cells have less KLF4 transcriptional activity. 
Transient transfection of 5 jug of TDA(WT)x2-pGL2-TATA-Luc (black 
bars) or TDA(M6-Mut) x2-pGL2-TATA-Luc (gray bars) in MCFIOA and 
T47D cells. Data represent two experiments performed in triplicate. 
Error bars show standard error. 



scriptional activity while vector pL3A-KLF4 mut6 with muta- 
tions in the two overlapping KLF4 sites at -87 and -81 abol- 
ished 79% of activity. Mutating the overlapping sites at -412 
and -407, vector pL3A-KLF4mutl, as well as mutating the 
site at -367 in vector pL3A-KLF4mut2 had no significant 
effect on transcription (Fig. IB). None of the site-directed mu- 
tations had any effect on the lack of transcription in T47D cells 
(data not shown). 

The transfection results suggest that both AP-1 and KLF4 
are important in the regulation of LAMA3A. A 103-base pair 
DNA fragment, Probe A, containing the key AP-1 site and the 
-167 KLF4 site was used for gel shift analysis. Extracts from 
MCFIOA, T47D, MCF7, MDA-MB 231, and MDA-MB 436 cells 
all show AP-1 binding that is competed with an AP-l-specific 
oligonucleotide (Fig. 2A, lanes 3, 7, 11, 15 , and 19) but not a 
nonspecific competitor (Fig. 2A, lanes 4 t 8, 12, 16, and 20). This 
results confirms a previous report that AP-1 binds the human 
LAMA3A promoter (22). A complex near the free probe was 
noticed only in the MCFIOA cell samples that was competed 
with a KLF4 consensus binding oligonucleotide (lane 5) desig- 
nated TDA by Shields and Yang (15). To further prove that this 
shift was in fact KLF4, we show that depleting the nuclear 
extracts of KLF4 with anti-KLF4 antibody resulted in loss of 
the complex that was competed by the KLF4 consensus binding 
oligonucleotide (Fig. 2B). By transfection the KLF4 site at -81 
was also important in LAM A3 A transcription. Gel shift with 
Probe B, an oligonucleotide that spans bases -84 to -62, 
containing the -81 KL4-binding site showed a shift in 
MCFIOA cells that was identical to a shift in a sample contain- 
ing purified KLF4 (Fig. 2C). A band shift with Probe B was 
absent in breast cancer cells. To further prove that the shift 
seen with Probe B in MCFIOA cells was in fact KLF4, a super- 
shift experiment was performed with either preimmune serum 
or an anti-KLF4 antibody. The band shift of Probe B with 
MCFIOA cell extract was specifically supershifted with the 
KLF4 antibody (Fig. 2D). One of the reasons that a band shift 
was not seen in the breast cancer cells with LAMA3A promoter 
sequence probes is that these cells do not express KLF4. In fact 




Fig. 5. Tumor cell lines lack KLF4 DNA binding activity. A, 

EMSA analysis of KLF4 DNA binding activity in MCFIOA (lanes 2-4), 
T47D (lanes 5-7), MDA-MB 231 (lanes 8-10), MCF7 (lanes U-13), 
MDA-MB 436 (lanes 14-16), and ZR75-1 (lanes 17-19) cells. An oligo- 
nucleotide containing the KLF4 consensus binding sequence was end 
labeled with T4 polynucleotide kinase, and binding reactions were 
electrophoresed in an 8% native polyacryl amide gel. The KLF4 specific 
complex was seen only in MCFIOA cells (lane 2). The KLF4 binding 
complex was partially competed with 125 X cold specific (S) oligonu- 
cleotide (lane 3) but not a 125 x excess of mutated (NS) oligonucleotide 
that does not bind KLF4 (lane 4). None of the breast cancer cell lines 
tested had any KLF4 binding activity. Lane 1 shows free probe (FP). 
Arrow points to the KLF4 specific complex. B, to better demonstrate the 
specific competition of the TDA oligonucleotide in MCFIOA cells, com- 
petition with 250X molar excess of cold specific (S) and cold nonspecific 
(NS) oligonucleotide as in part A were used. Binding reactions were 
electrophoresed in a 1% native polyacryl amide gel. Arrow points to the 
KLF4 specific complex. 



we found that to be the case by Western analysis. MCFIOA 
cells clearly express KLF4 while no detectable KLF4 was found 
in whole cell extracts of MCF7, T47D, or MDA-MB 231 cells 
(Fig. 3). 

KLF4 Activity Is Decreased in Breast Cancer Cells — To fur- 
ther confirm the lack of KLF4 protein in the breast cancer cells, 
we compared general KLF4 activity of MCFIOA to the activity 
of T47D cells. Shields and Yang (17) have published a consen- 
sus binding sequence for KLF4. The vector TDA(WT)x2-pGL2- 
TATA-Luc basic contains two tandem copies of this consensus 
sequence upstream of a TATA element in the pGL2 basic vec- 
tor. This vector has been shown to be activated by KLF4 (17). 
The TDA(M6-Mut)x2-pGL2-TATA-Luc vector has mutations in 
the KLF4 consensus and is not KLF4 responsive. We tested 
activity of the TDA(WT) vector compared with the TDA(M6- 
Mut) vector to analyze the overall KLF4 transcriptional activ- 
ity in MCFIOA and T47D cells. When the TDA vector was 
transfected in MCFIOA cells, there was a 6-fold increase in 
transcriptional activity compared with the mutant vector that 
does not bind KLF4 (Fig. 4). Activation in the T47D cells, on the 
other hand was negligible (Fig. 4). We next analyzed KLF4 
DNA binding activity by EMSA analysis in MCFIOA and five 
different breast cancer cell lines. An oligonucleotide for EMSA 
analysis was created that contained the TDA consensus se- 
quence as previously described (17). We found specific binding 
to the TDA-labeled oligonucleotide that was competed with cold 
TDA oligonucleotide but not the TDA mutant oligonucleotide in 
MCFIOA cells (Fig. 5A). Specific binding was lacking in the five 
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Fig. 6. Transfection of KLF4 in 
MCF10A and T47D cells activates the 
LAMA3A promoter. Transient transfec- 
tions with 1 fig of pL3A alone (control) 
or with increasing amounts of 
pcDNA3-hEZF vector (1, 10, and 100 ng) 
in A, MCF10A cells; B, T47D cells; C, 
MDA-MB-231 cells; and D, MCF7 cells. 
Adding 10 ng of KLF4 vector gave the 
highest response in breast cancer cells. 
T47D cells had 15-fold activation over 
pL3A alone, MDA-MB-231 was activated 
39-fold and MCF7 was activated 20-fold. 
MCF10A cells show modest activation. 
Data represent at least two experiments 
performed in triplicate. Error bars show 
standard error in A and B and standard 
deviation in C and D. 
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breast cancer cell lines tested (Fig. 5A). The competition in Fig. 
5A was at 125 X molar excess that did not completely compete 
the TDA oligonucleotide. In Fig. 5B the competition was per- 
formed at 250 X molar excess that demonstrated complete 
complex inhibition with TDA(WT) but not TDA(Mut) oligonu- 
cleotides in MCF10A cells. The high level of competitor re- 
quired for competition of binding to the labeled TDA oligonu- 
cleotide suggested a high level of KLF4 DNA binding activity in 
MCF10A cells. These data demonstrated that the KLF4 tran- 
scriptional activity and DNA binding activity was greater in 
the MCF10A cells than the breast cancer cells. 

Expression of KLF4 in Breast Cancer Cells Stimulates 
LAMA3A Transcription — Lack of KLF4 protein expression and 
activity in breast cancer cells lead us to hypothesize that ex- 
pressing KLF4 in the breast cancer cells would have a positive 
effect on pL3A activity in these cells. Expression of the pL3A 
vector was increased 15-fold in T47D cells when co-transfected 
with 10 ng of the pcDNA3-hEZF vector obtained from Dr. 
Mu-En Lee (8) (Fig. 6B). In MDA-MB-231 cells (Fig. 6C) the 
fold induction with 10 ng of pcDNA3-hEZF was 39-fold the 
basal expression of pL3A in these cells and in MCF7 cells (Fig. 
6D) the induction was 20-fold. Thus, expression of KLF4 alone 
was sufficient to see promoter activity in LAMA3A nonexpress- 
ing cells. Transfection of the plasmids with mutated KLF4- 



binding sites into MCF7 cells (pL3A-Mut5 and pL3A-Mut6) 
showed no activation in the presence of co-transfected KLF4 
(data not shown). We were unsure what the results would be of 
overexpressing KLF4 in the MCF10A cells that already express 
KLF4 protein. Co-transfection of pL3A with low doses of the 
pcDNA3-hEZF vector in MCF10A cells resulted in an increase 
in luciferase activity (Fig. 6A). On the other hand, a higher dose 
of KLF4 in MCF10A cells resulted in repression of the promoter 
by about 5-fold, suggesting that optimal levels of KLF4 are 
necessary for LAMA3A expression. 

DISCUSSION 

Laminin-5 is a highly tissue-specific gene with expression 
found only in epithelial cell populations. A recent study shows 
that the human LAMA3A promoter is also driven by AP-1 (22). 
Virolle et at. (22) suggest that the conformation of the AP-1 
sites is critical in determining whether LAMA3A expression 
occurs or not. They suggest that under normal circumstances, 
a repressor binds AP-1 in the fibroblasts but this repressor is 
absent in keratinocytes which allows expression of LAM A3 A. 
Our results confirm a role of AP-1 in the regulation of the 
human LAMA3A promoter. Mutation of the AP-1 site decreases 
transcriptional activity of pL3A in MCF10A cells. Unlike the 
previous report, our gel shift analysis does not suggest the 
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presence of a repressor complex that is unique to the breast 
cancer cells. Instead we find that the presence of KLF4 is 
involved. In MCF10A cells that contain KLF4, mutation of 
KLF4-binding sites also results in decreased transcription of 
pL3A. We show that breast cancer cells lack KLF4 expression 
and activity which likely results in the lack of LAMA3A expres- 
sion in these cells. Expression of the LAMA3A promoter in the 
breast cancer cells by expression of KLF4 further supports this 
claim. This is not the first time that KLF4 has been shown to be 
involved in tissue specific expression. Presence of KLF4 has 
been shown to confer tissue specific expression of keratin 19 in 
pancreatic ductal cells (23). Acinar cells that do not express 
keratin 19 lack KLF4. We suggest that like keratin 19, 
LAM A3 A expression relies on the presence of KLF4; cells that 
express KLF4 will express LAMA3A and those that do not 
express KLF4 will not express LAM A3 A. 

These studies do not address the mechanism of loss of KLF4 
in the breast cancer cells. Further analysis is necessary to 
determine whether lack of KLF4 is due to gene loss, transac- 
tional repression, or protein instability. Studies in colon cells 
suggest that transcription of KLF4 is reduced in cancer cells. It 
has been shown that KLF4 mRNA is decreased in colon cancer 
cells and has an effect on the proliferation and differentiation of 
these cells (24, 25). Dang et aL (26) find that expression of 
KLF4 is decreased in patients with familial adenomatous pol- 
yposis. The actual regulation of KLF4 is not very well under- 
stood at this time. Several factors including Cdx2, Spl, Sp3, 
and KLF4 itself may be involved in its regulation (27). 

Higher doses of KLF4 results in declining LAMA3A promoter 
activation in both MCF10A and cancer cells. The mechanism 
for this is unknown. KLF4 has been shown to have both acti- 
vation and repression domains (8). Also, the Cyclin Dl pro- 
moter has been shown to be repressed by KLF4 by competing 
away the positive acting transcription factor SP1 (18). Further 
studies will be necessary to determine the mechanism by which 
large amounts of KLF4 can result in inhibition of LAMA3A 
transcription. 

It is unclear whether AP-1 and KLF4 form a complex in 
MCF10A cells. In the gel shift of Probe A that contains both 
AP-1- and KLF4-binding sites, we see that an AP-1 competitor 
competes only the AP-1 band while a KLF4 competitor com- 
petes both the AP-1 and KLF4 bands. However, there is no 
effect on AP-1 binding with the KLF4 oligo in the breast cancer 
cells. It is possible that the competition of AP-1 in the MCF10A 
cells with KLF4 is due to an interaction of the two transcription 
factors. Further studies would be necessary to confirm this 
finding. 

In summary, this study clearly demonstrates a relationship 
between LAMA3A expression and KLF4. The MCF10A cells 
which express LAMA3A express KLF4 and have high levels of 



KLF4 binding activity while all the breast cancer cell lines 
tested lacked KLF4 expression and activity. Laminin-5 in con- 
junction with many other pathways mediates the differentia- 
tion of mammary epithelial cells. Therefore, lack of KLF4 may 
attribute to the undifferentiated phenotype of breast cancer 
cells. 
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A cDNA clone, named gut-enriched Kruppel-like fac- 
tor (GKLF), was isolated from an NIH 3T3 library using 
a probe encoding the zinc finger region of the immedi- 
ate-early transcription factor zif/268. The deduced 
GKLF amino acid sequence contains three tandem zinc 
fingers that are related to members of the Kruppel fam- 
ily of transcription factors. By indirect immunofluores- 
cence, GKLF is localized to the cell nucleus. In cultured 
fibroblasts, GKLF mRNA is found in high levels in 
growth-arrested cells and is nearly undetectable in cells 
that are in the exponential phase of proliferation. The 
growth-arresting nature of GKLF is demonstrated by an 
inhibition of DNA synthesis in cells transfected with a 
C/tXF-expressing plasmid construct. En the mouse, 
GKLF mRNA is present in select tissues and is most 
abundant in the colon, followed by the testis, lung, and 
small intestine. In situ hybridization experiments indi- 
cate that GKLF mRNA is enriched in epithelial cells 
located in the middle to upper crypt region of the co- 
lonic mucosa. Taken together, these results suggest that 
GKLF is potentially a negative regulator of cell growth 
in tissues such as the gut mucosa, where cell prolifera- 
tion is intimately coupled to growth arrest and 
differentiation. 



Eukaryotic transcription factors are classified according to 
the structural motif that contacts the DNA. The zinc finger 
motif is one such example, in which a zinc atom is tetrahedrally 
coordinated by 4 amino acid residues (usually cysteine or his- 
tidlne) within a 30 -ami no acid sequence to form the DNA- 
binding domain. The biological importance of this structure is 
reflected by estimates that the human genome has between 300 
and 700 genes containing the zinc finger motif (Klug and 
Schwabe. 1995; Hoovers etal., 1992). A subset of the zinc finger 
transcription factors contain amino acid sequences that resem- 
ble those of the Drosophila segmentation gene product Kruppel 
(Schuh et al, 1986). They are characterized by multiple zinc 
fingers containing the conserved sequence CX£X^XJLX 2 - 
WXJt\ (X is any amino acid, and the underlined cysteine and 
histidine residues are involved in the coordination of zinc) that 
are separated from each other by a highly conserved 7-amino 
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acid inter-finger spacer, TGEKPfY/FJA". often referred to as the 
H/C link. These Kruppel-like proteins are involved in diverse 
aspects of eukaryotic gene regulation such as cell growth 
and/or differentiation (e.g. Egr-1 or zif/268 (Christy era/., 1988; 
Sukhatme et al., 1988) and the erythroid Kruppel-like factor 
(EKLF) 1 (Miller and Bieker. 1993)), general transcription {e.g. 
Spl (Kadonaga et al., 1987)), oncogenesis (e.g. VVT1 (Wilms' 
tumor gene) (Call et al., 1990) and Gli (involved in gliomas) 
(Kinzler etal, 1988)). and embryogenesis (e.g. Kruppel (Schuh 
et al., 1986) and Hunchback (Stanojevic et al.. 1989)). 

The eukaryotic cell cycle is a carefully controlled event that 
requires the participation of several zinc finger-containing 
transcription factors. It is divided into four major phases: G, , S. 
G 2 . and M (Hartwell and Weinert, 1989). Cells that do not 
divide are considered quiescent and reside in a special niche 
called the G 0 or growth-arrested state. When quiescent cells 
are given fresh medium containing serum, a cascade of cellular 
events occur that culminate in DNA synthesis and subsequent 
cell division. Genes that are induced shortly after quiescent 
cells are stimulated by serum or purified growth factors are 
often referred to as the "immediate-early" genes. Among these 
are several that encode zinc finger-containing transcription 
factors such as the Egr family of proteins (Sukhatme, 1992) 
(which includes zif/268 (Lau and Nathans. 1987) and nup475 
(DuBois et al, 1990)). The functions of many of these gene 
products are thought to induce the expression of subsequent 
"delayed-early" genes that are directly involved in DNA syn- 
thesis (Lanahan etal. 1992). 

A different facet of eukaryotic cell cycle regulation is mani- 
fested by proteins that exert negative impacts on cell growth. 
The tumor suppressor p53, for example, plays a prominent role 
in the arrest of cell growth induced by DNA damage (Hartwell 
and Kastan. 1994). Recently, a group of proteins have been 
identified and shown to inhibit the activities of the G, cyclins 
and their associated cyclin-dependent kinases, both of which 
are essential for the orderly progression of the cell cycle. The 
mechanisms by which these inhibitors act help explain how 
antiproliferative signals arrest cells in the G, phase In such 
diverse processes as the repair of DNA damage, terminal dif- 
ferentiation, and cell senescence (Sherr, 1993). Thus, expres- 
sion of one such inhibitor. p2l. is Induced in response to DNA 
damage in a p53-dependent manner (Hartwell and Kastan, 
1994). Similarly, the myogenic transcription factor MyoD 
causes terminal withdrawal of cells from the cell cycle by con- 
comitantly inducing p21 expression and myocyte differentia- 



1 The abbreviations used are: EKLF. erythroid Kruppel-like factor; 
CKLF. gut-enriched Kruppcl-Uke factor. LKLF, lung Kruppel-like fac- 
tor; bp. base pair(s); ORF. open reading frame; PBS, phosphate-buffered 
saline; BrdUrd. bromodeoxyuridlne; DM EM, Dulbecco's modified Ea- 
gle's medium: FCS. fetal calf serum; BTEB2. basic transcription ele- 
ment-binding protein 2. 
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tion (Halevy et aL 1995). These findings suggest that depend- 
ing on the signaling event, the mammalian cell cycle is 
regulated by both positive and negative control mechanisms. 

In this study, we describe the identification and character- 
ization of GKLF. a zinc finger-containing nuclear protein that 
is a member of the Kruppel family of transcription factors. 
Expression of GKLF in cultured fibroblasts is highest in 
growth-arrested cells and lowest in cells in the exponential 
phase of proliferation. Moreover, constitutive expression of 
GKLF in transfected cells results in the inhibition of DNA 
synthesis. In vivo, GKLFmRNA is very abundant in the crypt 
epithelium of the mouse colon. These findings suggest that 
GKLF may act as a negative regulator of proliferation of intes- 
tinal epithelial cells. 

EXPERIMENTAL PROCEDURES 

Materials — Restriction endanud eases and modifying enzymes were 
purchased from New England Biolabs Inc. (Beverly. MA). Sequenase 
was purchased from U. S. Biochemical Corp. Radioisotopes were pur- 
chased from DuPont NEN. Media and serum were purchased from Life 
Technologies, Inc. and Hydone Laboratories (Logan, UT). respectively. 
Fluorescein isothlocyanate-, Texas Red-, and horseradish peroxidase- 
conjugated secondary antibodies were purchased from Amersham Corp. 
The prokaryotic expression vectors pET3d and pETlBb (Studier et al. 
1990) were purchased from Novagen (Madison. WI). The constitutive 
eukaryotlc expression vector PMT3 (Swick et al., 1992), which utilizes 
the simian virus 40 enhancer and the adenovirus major late promoter 
for expression, was obtained with permission from the Genetics Insti- 
tute (Cambridge. MA). 

Library Screening and DNA Sequencing— An NIH 3T3 cDNA library 
in bacteriophage AgtlO (Lanahan et al., 1992) was kindly provided by 
Dr. Ty Lanahan (The Johns Hopkins University). This library was 
screened under conditions of reduced stringency with a radioactively 
labeled DNA fragment containing the zinc finger portion of the imme- 
diate-early transcription factor zif/268 (Christy et al. 1988). One of the 
positive clones. A 14, contained a DNA insert of ~I900 base pairs (bp) 
and was selected for further investigation as it appeared to encode a 
novel gene based on partial sequence analysis. Radioactively labeled 
A 14 cDNA was used to rescreen the same library under high stringency 
conditions, which yielded >50 positively hybridizing plaques. The 
plaque with the longest DNA Insert, -2800 bp in length, was amplified, 
and its insert was subcloned Into the plasmid pBluescript (Stratagene. 
La Jolla. CA). Overlapping restriction endonuclease fragments of the 
cDNA with sizes of < 4 00 bp were further subcloned and sequenced 
bi direction ally by the dideoxy chain termination method using the 
Sequenase kit (U. S. Biochemical Corp.). Sequence comparison was 
performed using the BLAST algorithm provided by the National Center 
for Biotechnology Information (Rockville. MD). 

Production of GKLF in Bacteria and Generation of Anti-GKLF Se- 
rum— Complementary DNA containing the open reading frame (ORF) 
of GKLF was subcloned into pET3d and pETl6b to generate pET3d- 
GKLF and pETl6b-GKLF, respectively. The pET3d-GKLF construct 
was introduced into the BL21(DE3) strain of Escherichia coli cells, 
which were subsequently induced by the addition of 0.4 mM isopropyl- 
0-r>thiogalactopyranoside to produce GKLF. The protein, present 
largely in the form of inclusion bodies, was solubilized by the method of 
Fraser et al (1993) and separated by SDS-polyacrylamide gel electro- 
phoresis. GKLF was electroeluted from the gel and used to raise a 
rabbit polyclonal antiserum by HRP Inc. (Denver. PA). 

Ceii Trans feet ion— Transient transfections were performed by the 
DEAE-dextran technique (Lopata era/.. 1984) or by lipofection (Feigner 
et al, 1987) using the Lipofectin reagent as recommended by the man- 
ufacturer (Life Technologies, Inc.). The ORF of the GKLF cDNA was 
subcloned into the constitutive mammalian expression vector PMT3 to 
generate PMT3-GKLF. Transfections of the monkey kidney-derived cell 
line COS-1 (American Type Culture Collection, Rockville, MD) were 
accomplished with I /xg/ml PMT3-GKLF DNA in 3.5- or 10-cm culture 
dishes. Two days following transection, cells were examined for GKLF 
production by Western blot or (mmunocytochemical analysis (see below). 

pri]Thymidine Incorporation— for l 3 H) thymidine incorporation, 
proliferating COS-1 cells were transfected with I jig/ml PMT3-GKLF or 
control PMT3 DNA In 3.5-cm culture dishes. Twenty-four h following 
transfection, cells were incubated with 1 jiCi/ml FH1 thymidine (20 
Ci/mmol) at 37 'C for 3 h. After washing twice with cold phosphate- 
buffered saline (PBS), cells were llxed with 10% trichloroacetic acid at 



4 *C for 30 min. rinsed with 10% trichloroacetic acid, solubilized with 1 
n NaOH, and neutralized with HC1. Aliquots equal to 0.1 volume of the 
solubilized material were counted in triplicate by liquid scintillation. 
Dishes that contained no cells were labeled and counted the same way 
to provide background counts. 

Western Blot Analysis— SDS-polyacrylamide gel electrophoresis was 
performed according to Laemmli (1970) with the following modifica- 
tions. The acrylamlde concentrations of the stacking and running gels 
were 5 and 10%. respectively. Protein samples were dissolved In loading 
buffer (60 mM Tris-HCl. pH 6.8. 2% SDS. 100 mM dithiothreltol. and 
0.01 % bromphenol blue); heated to 1 00 *C for 3 min; and loaded onto the 
gel in electrophoresis buffer containing 25 nui Tris-HCl. pH 8.3. 250 mM 
glycine, and 0.1% SDS. At the completion of electrophoresis, proteins 
were transferred to nitrocellulose membranes according to the method 
of Towbin et al. (1979) and immunoblotted with rabbit anti-GKLF 
serum (1:1000 dilution) or preimmune serum. Following incubation 
with the secondary antibody (horseradish peroxldase-conjugated don- 
key anti-rabbit IgG). GKLF was visualized with enhanced chemilumi- 
nescence (Amersham Corp.). 

Immunocytochemistry— I mmunocytochemical studies of transiently 
transfected COS-1 cells grown on plastic coverslips were performed 2 
days following transfection. Coverslips were washed with PBS and fixed 
in 3% paraformaldehyde In PBS for 20 min. Cells were then permeabi- 
lized with 0.1% Nonidet P-40 in PBS for 10 min. washed with PBS. 
blocked with 10% fetal calf serum at 37 *C for 15 min, and incubated 
with rabbit anti-GKLF serum (1:500 dilution) In PBS at room temper- 
ature for 1 h. After washing with PBS. the coverslips were Incubated 
with fluorescein isothlocyanate-conjugated goat anti-rabbit IgG (1:200 
dilution) at room temperature for 1 h, mounted in 25% glycerol with 1 
mg/ml phenylenediamlne, and visualized with a Zeiss Axioskop 20 
microscope equipped for epi fluorescence. For bromodeoxyuridine (Br- 
dUrd) labeling, cells were first fed DMEM with 0.5% FCS for 24 h after 
transfection. followed by DMEM with 10% FCS and 100 /iM BrdUrd 
(Sigma) for an additional 24 h. Coverslips bearing transfected cells were 
washed with PBS. fixed with 3% paraformaldehyde in PBS. permeabi- 
lized with 0.25% Triton X-100 in PBS for 10 min. and washed with PBS 
followed by water. Coverslips were then treated with 2 n HCl at room 
temperature for 30 min to denature the DNA. neutralized with 0.1 M 
sodium borate at room temperature for 5 min, and washed with PBS. A 
mouse monoclonal antibody raised against BrdUrd (1:5 dilution; Sigma 
B-2531) was then added to the coverslips at 37 *C for 2 h. Following 
washing with PBS. rabbit anti-GKLF serum (1:2000 dilution) was 
added to the coverslips at room temperature for 15 min, after which 
they were washed with PBS. Coverslips were subsequently incubated 
with a mixture of fluorescein isothlocyanate-conjugated goat anti-rabbit 
IgG (1:200) and Texas Red-conjugated sheep anti-mouse IgG (1:20) at 
37 'C for 1 h, mounted, and visualized with a fluorescence microscope 
as described above. 

RNA Isolation and Northern Blot Analysis— UNA was isolated from 
NIH 3T3 cells and from various mouse tissues by the guanfdinlum 
thiocyanate method (Chirgwin et a/., 1979). Twenty jig of total RNA 
were size-fractionated in 1.2% agarose gels containing 2.4 m formalde- 
hyde (Ausubei et al.. 1991) and transblotted onto nylon membranes 
(Hybond-N, Amersham Corp.). Hybridizations and washings were per- 
formed under high stringency conditions as described by Oliva ef al. 
(1993) using a radioactively labeled GKLFcDNA probe. To control for 
loading of RNA samples, all blots were stripped and reprobed with a 
radioactively labeled DNA fragment encoding the 18 S ribosomal RNA 
gene and, in some cases, with a cDNA fragment encoding the constltu- 
tively expressed glyceraldehyde-3-phosphate dehydrogenase gene 
(CLONTECH. Palo Alto. CA). When RNA from fractionated colonic 
tissue was used, the inner surface of an everted piece of freshly obtained 
mouse colon was gently scraped with a razor blade, and RNA was 
isolated as described above. This method yields a highly enriched pop- 
ulation of cells of epithelial origin as noted before (Oliva et al. 1993). 

In Situ Hybridization— A 575-bp PflMl-Kpril restriction endonucle- 
ase fragment of the GKLFcVUA was subcloned into pBluescript. and 
the recombinant plasmid was used to generate "S-labeled antisense or 
sense RNA probe by in vitro transcription using T7 or T3 RNA polym- 
erase, respectively. Freshly isolated mouse colon was fixed in 10% 
buffered Formalin solution, embedded in paraffin, sectioned into 5-fim 
slices, and layered onto microscope slides. Slides were processed for in 
situ hybridization as described previously (Tietjen era/.. 1994a, 1994b) 
and probed with either the antisense or control sense probe at high 
stringency. After washing, slides were submerged in Kodak NTB-2 
liquid emulsion and stored in light-proof boxes. After development, 
slides were counterstalned with hematoxylin and eosin and viewed 
under dark-Meld microscopy. 
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Fig. 1. Complete nucleotide and deduced amino add se- 
quences of the GKLF. Numbers on the left refer to the amino acid 
sequence, and those on the right refer to the nucleotide sequence. 
Diagrammed beneath the sequence is a schematic presentation of the 
GKLF open reading frame. N. amino terminus; C, carboxyl terminus. 
The hatched areas represent the three zinc fingers (Zh). The three 
shaded areas are (1) a putative sequence recognized by SH3 domain- 
containing proteins (SH3). (2), a PEST sequence (PEST), and (3) a 
potential nuclear localization signal (NLS). P and 5 depict the proline- 
and serlne-rich regions. The nucleotide and amino acid sequences have 
been deposited in GenBank™ under the accession number U20344 



RESULTS 

Cloning of Mouse GKLF cDNA— To identify transcription 
factors that are involved in growth regulation, a cDNA library 
generated with mRNA from N1H 3T3 cells that were rendered 
quiescent and stimulated with serum for 3 h (Lanahan et aL. 
1992) was screened under reduced stringency conditions with a 
DNA probe containing the zinc finger region of the immediate- 
early transcription factor zif/268 (Christy et al„ 1988). Partial 
sequence analysis of the cDNA insert of a positive clone, A 14, 
showed that it did not have any significant sequence identity to 
those stored in the GenBank™ DNA data base. The 1.9-kilo- 
base insert of the A14 clone was used to rescreen the same 
library under high stringency hybridizing and washing condi- 
tions, which resulted in the identification of >50 positive 



clones. The clone with the longest insert, which we later named 
GKLF, was chosen for further analysis. Its complete nucleotide 
sequence was determined and is shown in Fig. 1. 

Analysis of GKLF cDNA and Deduced Amino Acid Sequenc- 
es— -The GKLFcDNA contains a 31 1-bp 5 ' untranslated region, 
a single ORF of 1449 bp, and a 977-bp 3 '-untranslated region 
that Is trailed by a poly(A) tail. The ORF potentially encodes a 
polypeptide of 483 amino acids with a predicted molecular 
mass of 53 kDa. Three potential methionine initiation codons 
are present in frame near the amino terminus (amino acids 1 . 
10. and 51), although nucleotide sequences surrounding the 
second methionine codon conform more closely to Kozak's rule 
for translation initiation (Kozak. 1987). A consensus sequence 
for polyadenylation, AATAAA (Proudfoot and Brownlee, 1976), 
is found 24 bp upstream of the poly (A) tail. 

The deduced GKLF amino acid sequence contains three tan- 
dem zinc finger motifs at the carboxyl terminus. The three zinc 
fingers are closely related to the consensus sequence CX 2 ^ 4 
CXJFX^XJ\XJt\ for zinc finger-containing transcription fac- 
tors and are separated from each other by a 7-amino acid 
inter-finger spacer similar to the H/C link consensus sequence. 
TGEKP(Y7F)A: These features classify GKLF as a member of 
the Kruppel family of proteins (Chowdhury et a!., 1987; Morris 
et aL 1994; Schuh et al.. 1986). GKLF is rich in proline and 
serine residues, which constitute 12.8 and 11.6% of the total 
amino acids, respectively. The clustering of these 2 amino acids 
is reminiscent of the transactivation domains of previously 
established transcription factors (Nakamura et aL. 1993). In 
addition, a potential nuclear localization signal (Boulikas, 
1993) that is rich in arginine and lysine residues is found 
between amino acid residues 384 and 390. A "PEST" sequence, 
which is found in proteins with intracellular half-lives of <2 h 
(Rogers et aL 1986), is present between amino acid residues 
113 and 152. Finally, a 7-amino acid sequence, PPLPGRP. 
present between amino acid residues 55 and 61, is highly 
related to the consensus sequence to which proteins containing 
the SH3 domain bind (Alexandropoulos et aL. 1995; Ren era/, 
1993). Taken together, these features suggest that GKLF is a 
nuclear-localized transcription factor. 

A search in the GenBank™ protein data base for amino acid 
sequences related to that of GKLF revealed many sequences 
similar to its zinc finger- containing region. In particular, the 
closest alignment was found with three recently identified eu- 
karyotic transcription factors: 1) the lung Kruppel-like factor 
(LKLF) (Anderson et aL. 1995); 2) EKLF (Miller and Bieker. 
1993); and 3) basic transcription element-binding protein 2 
(BTEB2) (Sogawa era/, 1993). expressed in the placenta and 
testis. The degree of sequence identity in the 8 2- amino acid 
zinc finger region of GKLF to these proteins Is 92. 84, and 82%. 
respectively (Fig. 2). Other sequences that are related (but less 
conserved) to the zinc finger region of GKLF include WT1 (Call 
et aL. 1990) and Spl (Kadonaga et aL. 1987). showing 59 and 
52% sequence Identity, respectively. In contrast, the amino acid 
sequence outside the zinc finger region of GKLF bears no 
significant homology to any previously identified proteins with 
one notable exception: the 20 amino acids immediately preced- 
ing the first cysteine residue of the first zinc finger are 90% 
identical between GKLF and LKLF (Anderson et aL, 1995). 
These findings indicate that GKLF is a newly identified 
polypeptide. 

When the nucleotide sequence of GKLF was compared with 
those stored in the GenBank™ nucleic acid data base, two 
additional cDNA clones with significant homology were identi- 
fied. Both sequences correspond to the extreme 3'-end of the 
3' -untranslated region of the GKLF cDNA. The first (Gen- 
Bank™ accession number D25944) was obtained during a ran- 
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Fic. 2. Amino acid sequence alignment between GKLF, LKLF. 
EKLF, and BTEB2. The sequences presented are those from the zinc 
finger regions of the four proteins. The species from which the se- 
quences are derived are as follows: GKLF. mouse (this study); LKLF. 
mouse (Anderson et al. 1995); EKLF, mouse (Miller and Bieker, 1993); 
and BTEB2, human (Sogawa et al, 1993). Identical sequences are 
boxed. Numbers on the right are the amino acid positions of the GKLF 
sequence. Asterisks indicate those amino acid residues involved in the 
coordination of the zinc atom, and the two inter-finger spacer regions 
that are highly conserved in the Kruppel family of transcription factors 
are bracketed (<>). 

dom cDNA sequencing analysis of expressed genes in human 
colonic mucosa. 2 It contains 330 bp of sequence that exhibits 
87% nucleotide identity to GKLF, The second cDNA. named 
clone 59 (GenBank™ accession number L26292), was obtained 
during a differential screening of a cDNA library made from rat 
Sertoli cells that had been stimulated with follicle-stimulating 
hormone (Hamil and Hall, 1994). This cDNA is 800 bp long and 
is 93% identical to the GKLF sequence. The high degree of 
sequence identity in the 3 ' untranslated region between GKLF 
and these two partial cDNA clones suggests that the latter two 
potentially represent the human and rat homologues of GKLF, 
respectively. It is of interest to note that in the mouse, GKLF is 
expressed in the colon and testis (see below). 

Characterization of the GKLF Protein— To characterize the 
protein encoded by GKLF, a cDNA fragment containing the 
ORF was subcloned into two prokaryotic expression vectors. 
pET3d and pET16b (Studier et al, 1990), the latter creating a 
fusion protein, which contains an additional 3 kDa of bacterial 
sequence when expressed. The BL21(DE3) strain of host E coli 
cells was transformed with pET3d-GKLF and induced with 
isopropyl-0-D-thiogalactopyranoside to produce GKLF. The 
protein was resolved by SDS-polyacrylamide gel electrophore- 
sis, purified, and used to generate a rabbit polyclonal anti- 
serum. The same GKLF OUF cDNA fragment was also cloned 
into the mammalian expression vector PMT3 (Swick et al., 
1992), and the resultant construct was used to express GKLF 
in transiently transfected COS-1 cells. Fig. 3A is an immuno- 
blot of proteins isolated from pET16b-GKLF- transformed E. 
coli and PMT3-GKLF-transfected COS- 1 cells. A single prom- 
inent polypeptide band with an apparent molecular mass of 56 
kDa from the transformed and isopropyl-0-D-thiogalactopyr- 
anoside-induced bacteria was detected by anti-GKLF serum 
(lane /). Similarly, a polypeptide band of 53 kDa was detected 
in lysates of COS- 1 cells transiently transfected with PMT3- 
GKLF (lane The higher apparent molecular mass of GKLF 
in lane 1 was due to the presence of bacterial sequence in the 
recombinant protein. In contrast, no antigens were detected by 
anti-GKLF serum in lysates of COS- 1 cells transfected with the 

2 K. Okubo. unpublished data. 
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Fic. 3. Immunodetection of GKLF. A, Western blot analysis of 
protein extracts (20 jig) from the BL21(DE3) strain of E. coli cells 
transformed with pET16b-GKLF (lane 1) and Induced with isopropyl- 
0-D-thiogalactopyranoside and from COS-1 cells transiently transfected 
with PMT3-GKLF (lane % or PMT3 (lane 3) using anti-GKLF serum. 
Molecular mass markers are shown on the left. GKLF was seen as a 
single prominent band in both lanes 1 and 2. The minor low molecular 
mass protein bands noted were variable among different experiments 
and probably represented degradation products. B, indirect immuno- 
fluorescence of COS-1 cells transiently transfected with PMT3-GKLF 
and immunostained with anti-GKLF serum. Six cells were noted to 
express GKLF and exhibited intense nuclear staining. In contrast, the 
nonexpresslng cells showed only a background level of cytoplasmic 
staining. 



PMT3 vector only (lane 3). indicating that these cells contained 
little or no endogenous GKLF. The specificity of the antiserum 
was demonstrated by the ability of purified, bacterially pro- 
duced GKLF to block the immunoreactivity of the 53-kDa pro- 
tein band in PMT3-GKLF-transfected COS-1 cells (data not 
shown). 

The intracellular localization of GKLF in mammalian cells 
was examined by indirect immunofluorescence analysis of 
COS-1 cells transiently transfected with PMT3-GKLF using 
anti-GKLF serum. As shown in Fig. 35, GKLF was primarily 
localized to the cell nucleus in cells that expressed the trans- 
fected gene. In contrast, nonexpresslng cells showed staining 
only at background levels (Fig. 35), as did cells transfected 
with the PMT3 vector alone and immunostained under identi- 
cal conditions (data not shown). 

Expression of GKLF in Response to Serum Stimulation in 
Cultured Fibroblasts— GKLF was isolated from an NIH 3T3 
cDNA library generated with RNA from cells that had been 
rendered quiescent and then stimulated for 3 h with serum. 
The serum responsiveness of GKLF in NIH 3T3 cells was 
therefore examined by Northern blot analysis. The mRNA con- 
tent of GKLF from growth-arrested quiescent NIH 3T3 cells 
(which had been maintained in 0.5% FCS for 5 days) was 
compared with that from cells induced to enter the cell cycle by 
the addition of medium containing 1 5% FCS for various lengths 
of time between 0 and 24 h. In addition, RNA isolated from 
proliferating cells in the exponential phase of growth was an- 
alyzed. As shown in Fig. 4. it is apparent that a significant level 
of GKLF mRNA was present in quiescent cells (lane but was 
nearly absent In actively proliferating cells (lane /). The addi- 
tion of 15% FCS not only failed to increase the abundance of 
GKLF mRNA. but a decrease in the message content was 
detected beginning at 8 h after treatment. By 24 h after serum 
stimulation, a partial recovery of the GKLF mRNA level was 
observed. Fig. 5 summarizes the results of quantitative densi- 
tometric measurements of mRNA band intensities from North- 
ern blot analyses of three Independent experiments. The data 
confirmed that the level of GKLF transcript was much higher 
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Fig. 4. Time course of GKLF expression in serum-starved NIH 
3T3 cells stimulated with 15% FCS. NIH 3T3 fibroblasts were ren- 
dered quiescent by maintenance in DMEM containing 0.5% FCS for 5 
days, at which time they were ~50% confluent (Jane 2 or time Q. Cells 
were stimulated to enter the cell cycle by the addition of fresh DMEM 
containing 15% FCS for various periods of time between 1 and 24 h. 
Total RNA was isolated from cells at the times indicated, and 20 fig 
were examined by Northern blot analysis using a radioactively labeled 
G/CLFcDNA probe. RNA from exponentially proliferating, nonsynchro- 
nized cells (Jane J or Pj. maintained in DMEM supplemented with 10% 
FCS at -30% confluency, was also examined for comparison. To control 
for RNA loading, the blot was subsequently stripped and reprobed with 
a DNA fragment encoding the 18 S ribosomal RNA gene. 



100- 




8 12 16 

Time (hrs) 

Fic. 5. Quantification of GKLF expression during serum stim- 
ulation of quiescent NIH 3T3 cells. Densitometric tracings of mRNA 
band intensities at different times following serum stimulation were 
performed, and the values were standardized to that of the mRNA level 
observed in quiescent (time 0) cells, taken as 100%. Shown are the mean 
values of three independent experiments. The vertical bars represent 
standard errors. P denotes proliferating cells. 



in growth-arrested cells compared with proliferating cells and 
that when cells were induced to enter the cell cycle, a repro- 
ducible decrease in the transcript level was observed beginning 
at a time period that precedes the commencement of DNA 
synthesis in NIH 3T3 cells (Quelle et aL 1993). 

The growth arrest-specific nature of GKLF expression was 
confirmed by a reverse experiment to that of Fig. 4 in which 
NIH 3T3 cells in the exponential phase of proliferation were 
induced to enter quiescence by a reduction of the serum content 
in the medium from 10 to 0.5% for various lengths of time. Fig. 
6 shows that the initial GKLF transcript was barely detectable, 
which only became apparent beginning 2 days after the cells 
were deprived of serum. A further Increase In the GKIFmRNA 
level was seen between days 2 and 3, after which nearly equiv- 
alent levels of transcript were present up to 7 days. Similarly, 
when actively proliferating NIH 3T3 cells were left in 10% FCS 
without any additional feedings, levels of GKLF mRNA In- 
creased in a time-dependent manner (Fig. 7). This result was in 
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Fic. 6. Time course of CALF expression during serum starva- 
tion. Proliferating NIH 3T3 cells (Jane J or f) in DMEM supplemented 
with 1 0% FCS were fed DMEM containing 0.5% FCS for various periods 
of time as indicated. Media were changed every other day. Northern 
blot analysis of 20 pg of total RNA was performed as described for 
Fig. 4. 
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Fic. 7. Effect of contact Inhibition on GKLF expression. Prolif- 
erating NIH 3T3 cells (lane J or Pi were maintained in DMEM contain- 
ing 10% FCS without any additional feedings for up to 6 days. The 
initial cell density was -30%. By day 2, all the dishes were nearly 100% 
confluent. Northern blot analysis of 20 ixg of total RNA was performed 
as described for Fig. 4. To control for RNA loading, the blot was stripped 
and sequentially reprobed with the DNA encoding the 1 8 S ribosomal 
RNA gene, followed by the cDNA encoding glyceraldehyde-3-phosphate 
dehydrogenase (GAPDH). 

clear contrast to the largely constant levels of the 18 S riboso- 
mal RNA and of the mRNA encoding glyceraldehyde-3-phos- 
phate dehydrogenase (Fig. 7). In this experiment, cell-to-cell 
contact seemed to play a role in the increased expression of 
GKLF as cells were fully confluent by day 2 of the experiment. 
Taking the results of Figs. 6 and 7 together, it appears that 
expression of GKLF is correlated with quiescence induced by 
serum deprivation and withdrawal from the cell cycle due to 
contact inhibition. 

Effect of Constitutive GKLF Expression on DNA Synthesis— 
The results of the preceding experiments suggest that expres- 
sion of GKLF Is temporally associated with growth arrest and 
that a down-regulation of CALF occurs in cells that are stim- 
ulated to enter the cell cycle. To assess the effect of constitutive 
expression of GKLF on cell growth. COS-1 cells were tran- 
siently transfected with PMT3-GKLF or PMT3 for 24 h. at 
which time DNA synthesis was determined by l 3 H| thymidine 
incorporation. Table I shows the results of three independent 
experiments. In each experiment, the percentage of cells ex- 
pressing GKLF In PMT3-GKLF-transfected cells was deter- 
mined in parallel dishes by indirect immunofluorescence and 
found to vary between 25 and 30%. As shown, a statistically 
significant decrease in the incorporation of [ 3 H| thymidine by 
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Table I 

PHJThymidtne incorporation into PMT3-GKLF- and 
PMT3-transfected COS-] ceils 
All experiments were performed in 3.5-cm culture dishes, 
prflthymidine incorporation was performed 24 h after transfection. 



Construct 


l*H]Thymidine 
Incorporation* 


rt 6 




Inhibition 
by GKLF 










96 


Exp. 1 










PMT3 


588.3 ± 84.9 


6 


<0.01 


31.3 


PMT3-GKLF 


403.4 ± 66.4 


6 






Exp. 2 










PMT3 


433.5 ± 90 3 


12 


<0.001 


26.3 


PMT3-GKLF 


319.7 ± 65.0 


12 






Exp. 3 










PMT3 


319.3 ± 40.8 


12 


<0.0001 


28.2 


PMT3-GKLF 


229.0 ± 52.5 


12 







0 [ 3 H}Thymidine incorporated was measured in triplicate over a 3-h 
period from one- tenth of the entire cell population in each dish. Data 
represent the mean ± S.D. for each construct. 

* Number of dishes assayed. 

r Statistical analysis was performed using the one-tailed t test. 
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Fig. 8. Inhibition of DNA synthesis by constitutive expression 
of GKLF. COS-1 cells were transiently transfected with PMT3-GKLF 
as described under 'Experimental Procedures." Following transfection, 
cells were fed DM EM containing 0.5% FCS for 24 h. after which they 
were refed DMEM containing 10% FCS and 100 BrdUrd for an 
additional 24 h before being processed for immunocytochemical analy- 
sis. Cells were immunostained first with a mouse monoclonal BrdUrd 
antibody, followed by rabbit anti-GKLF serum. The secondary antibod- 
ies used were fluorescein isothiocyanate-conjugated goat anti-rabbit 
IgG {left panel} and Texas Red-conjugated sheep anti-mouse IgG {right 
panet\. The arrowheads point to two GKLF- positive and BrdUrd- nega- 
tive cells, whereas four other cells In the same field were GKLF- 
negatlve and BrdUrd-positlve. 



cells transfected with PMT3-GKLF as compared with cells 
transfected with vector alone was observed in all three exper- 
iments. The close correlation between the degree of inhibition 
of I 3 H| thymidine incorporation into PMT3-GKLF-transfected 
cells and the percentage of cells expressing G/TLFsuggests that 
GKLF, when constitutively expressed, inhibits DNA synthesis. 

To demonstrate directly that the cells expressing GKLF do 
not synthesize DNA. PMT3-GKLF-transfected COS-1 cells 
were first incubated with BrdUrd and then double-stained for 
GKLF and BrdUrd by indirect immunofluorescence. As shown 
in Fig. 8, two cells that expressed GKLF {arrowheads) failed to 
stain for BrdUrd. In contrast, four non-GKLF-expressing cells 
were positive for BrdUrd. After counting 100 consecutive 
GKLF-expressing cells, only five were noted to positively stain 
for BrdUrd. whereas >80% of the non-GKLF-expressing cells 
were BrdUrd- positive. 

Tissue Distribution of GKLF— To determine the tissue dis- 
tribution of GKLF, RNA was isolated from various adult mouse 
tissues and examined by Northern blot analysis. Of the tissues 
examined, the colon (both proximal and distal) contained the 
highest level of GKLF transcript (Fig. 9). Moderate levels of 
transcript were also noted in the distal small intestine (ST), 
testis, and lung. In addition, a small amount of GKLF tran- 
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Fic. 9. Tissue distribution of GKLF mRNA. RNA was extracted 
from various mouse tissues, and 20 jig were analyzed by Northern blot 
hybridization as described for Fig. 4. SI. small intestine; prox., 
proximal. 
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Fic. 10. Distribution of GKLF mRNA In a fractionated mouse 
colon. The inner surface of a mouse colon was scraped with a razor 
blade to give rise to the mucosal fraction of cells from which RNA was 
extracted [iane 2). As a comparison. RNA was also extracted from the 
remaining tissue (iane 3). Lane i represents RNA obtained from an 
intact colon. Twenty jig of total RNA were analyzed by Northern blot 
hybridization. 

script was present in the proximal small intestine. Smaller 
mRNA species were also noted in the intestinal tissues and 
testis and could represent other closely related sequences or 
products of alternative splicing. No appreciable amount of mes- 
sage was detected in the brain, kidney, liver, spleen, thymus, 
heart, muscle, and fat. These results indicate that the expres- 
sion of GKLF is tissue-selective and is most abundant in the 
colon. 

The mouse colon is composed of a heterogeneous population 
of cells, ranging from the epithelial cells lining the inner mu- 
cosal surface to various other non-epithelial cell types such as 
lymphocytes, fibroblasts, enteric neurons, and smooth muscle 
cells. To further localize the cellular origin of GKLF. Northern 
blot analysis was performed on RNA isolated from colonic mu- 
cosal scrapings (Fig. 10. lane 2}, which represent an enrich- 
ment of the epithelial cell population as previously demon- 
strated (Oliva et al. 1993). As a comparison. Northern blot 
analysis was also performed on RNA isolated from the remain- 
ing colonic tissue after scraping (Fig. 10, Jane 3- As shown, 
GKLF mRNA was highly enriched In the mucosal population of 
cells, suggesting that GKLF is mainly expressed in epithelial 
cells. The epithelium-specific expression of GKLF was con- 
firmed by in situ hybridization. Fig. 1 \A shows that the anti- 
sense GKLF RNA probe hybridized primarily to the middle to 
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Fic. 1 1. In 57m hybridization analysis of GKLF expression in 
the colon. An adult mouse colon was fixed, sectioned, and processed for 
in situ hybridization as described under "Experimental Procedures" 
using 3S S-labeled antisense GKLF RNA probe (A) or control sense RNA 
probe The sections were counterstained with hematoxylin and eosin 
and visualized by dark-field microscopy. The bright areas In the sub- 
mucosal fractions of both panels represent a refractory material and are 
not silver grains. 

upper region of the colonic crypt epithelium. In contrast, the 
control sense GKLF RNA probe produced a random back- 
ground distribution of silver grains (Fig. 1123). These results 
indicate that GKLF is epithelium-specific and is expressed 
primarily in cells that are in the process of migrating from the 
base toward the top of the crypt. 

DISCUSSION 

The cDNA encoding GKLF was Isolated by low stringency 
hybridization to a zinc finger-containing transcription factor. 
zif/268. Although not proven in this study, several features of 
GKLF strongly suggest that it is a transcription factor. First, 
the amino acid sequence at the carboxyl terminus containing 
the zinc fingers is similar to those of a number of proteins, 
many of which are proven transcription factors, such as LKLF. 
EKLF. and BTEB2 (Fig. 2). Second. GKLF contains a potential 
nuclear localization signal between amino acid residues 384 
and 390 and is In fact localized to the cell nucleus in transfected 
cells (Fig. 3). Third, like many transcription factors with short 
half-lives (Chevaillier. 1993), GKLF contains a PEST sequence 
with a high PEST score of 5.8 (Rogers et aJ. t 1986). Finally. 
GKLF contains abundant proline and serine residues, amino 
acid residues purportedly involved in the transactivation func- 
tion of many transcription factors (Nakamura et al, 1993). 
Furthermore, its proline-rich nature is shared by proteins 
closely related to GKLF, namely LKLF (Anderson etal, 1995), 
EKLF (Milter and Bieker. 1993). and BTEB2 (Sogawa et aJ.. 
1993). Based on the high degree of homology in the Kruppel 
region of the proteins and their proline-rich characteristics, the 
latter three transcription factors have recently been assigned 



Table II 

Amino acid sequence and DNA binding sequence comparison of GKLF 
with other Kruppel-like proteins 



TF* Finger 1 " 



Amino add 
sequence' 



Binding 
sequence* 



Ref. 



GKLF 



1 

KSSHLKA 
RSDELTR 
RSDHLAL 



BTEB2 


1 


KSSHLKA 




GGG- 


3' 


Sogawa et a J. (1993) 




2 


RSDELTR 




GCG 








3 


RSDHLAL 


5' 


-GGG 






EKLF 


1 


KSSHLKA 




TGG- 


3' 


Miller and Bieker (1993) 




2 


RSDELTR 




GTG 








3 


RSDHLAL 


5' 


-AGG 






Spl 


1 


KTSHLRA 




GGG- 


3' 


Berg (1992) 




2 


RSDELQR 




GCG 








3 


RSDHLSK 


5' 


•GGG 






zif/268 


1 


RSDELTR 




GCG- 


3' 


Cao etal. (1993) 




2 


RSDHLTT 




GGG 








3 


RSDERKR 


5' 


-GCG 







* Transcription factor. 

* Fingers are numbered from the amino terminus to the carboxyl 
terminus. 

e Amino add sequences shown are those present In the a helical 
region of each zinc finger. Each helix begins at the position marked 1. 

''The DNA binding sequences begin at the bottom left corner (5'-) and 
end at the upper right corner (3'). 



to a new multlgene family (Anderson et al, 1995). GKLF is 
thus the newest addition to this protein family. 

Aside from the proline-rich domain of GKLF, amino acid 
sequence outside its zinc finger region further defines its phy- 
logenetic origin. For example, absent from the GKLF sequence 
are the FAX (finger-associated box) (Knochel et al* 1989) and 
KRAB (Kruppel-assoriated box) (Bellefroid etal, 1991) motifs, 
the latter estimated to be present in one- third of zinc finger- 
containing transcription factors. Genes encoding the FAX- and 
KRAB-containing zinc finger proteins (called class 1 zinc finger 
proteins by Pieler and Bellefroid (1994)) are generally orga- 
nized in large clusters on certain chromosomes and are thought 
to have appeared late during evolution. Most of these genes are 
widely expressed in adult tissues and in most stages of embry- 
ogenesis. The Kruppel family of transcription factors (called 
class 2 zinc finger proteins by Pieler and Bellefroid (1994)), in 
contrast, includes fewer members that are highly conserved 
and that function in the context of cell differentiation and 
embryogenesis. The majority of class 2 zinc finger proteins 
exhibit highly restricted patterns of expression in tissues and 
during embryogenesis. The tissue-selective nature of GKLF 
and its close relationship with other Kruppel-like factors such 
as LKLF and EKLF indicate that it belongs to the class 2 zinc 
finger protein gene family according to the classification of 
Pieler and Bellefroid (1994). 

Structural analysis of zinc finger-containing proteins indi- 
cates that each finger consists of a 0-pleated sheet at the 
amino-terminal half and an a-helix at the carboxyl-terminal 
half and that the latter makes direct contact with DNA (Berg, 
1990). A number of studies examined the relationship between 
the amino add sequence in the helical portion of a finger and 
the DNA sequence to which the finger binds (Berg. 1992; Klug 
and Schwabe, 1995; Nardelli et al., 1991). These studies re- 
vealed a number of important conclusions that enable one to 
predict the DNA sequence to which a zinc finger protein may 
bind. Table II compares the amino acid sequences in the a-hel- 
ical portions of each of the three zinc fingers of GKLF to those 
of several other Kruppel-like transcription factors along with 
the DNA sequences with which the ringers interact. It is ap- 
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parent that amino acid sequences In the helical region of each 
of the three zinc fingers of GKLF, BTEB2, and EKLF are 
identical. Moreover, finger 2 of GKLF is identical to finger I of 
zif/268 and nearly identical to finger 2 of Spl as well as finger 
3 of zif/268. With the exception of EKLF, these amino acid 
sequences recognize the consensus trinucleotide GCG. In addi- 
tion, finger 1 of GKLF is highly similar to finger 1 of Spl , which 
binds the trinucleotide GGG. Finally, finger 3 of GKLF is very 
similar to finger 3 of Spl and finger 2 of zif/268. both of which 
bind to the sequence GGG. Based on these comparisons, one 
can predict a sequence of 5' -GGG GCG GCG-3' to which GKLF 
is potentially capable of binding. This sequence is identical to 
the binding sequences of BTEB2 and Spl. Of note is that 
although EKLF recognizes a different DNA sequence despite 
an overall identity in the zinc finger sequences, it is capable of 
interacting with an Spl -binding site (Hartzog and Myers. 
1993). 

The expression of GKLF in cultured fibroblasts is of interest. 
The cDNA library from which CALF was initially derived was 
made with RNA from quiescent NIH 3T3 cells that had been 
stimulated with serum for 3 h. Because the number of positive 
clones obtained during a repeat screening of the same library 
with a partial GKLF cDNA fragment was quite high {>50 
positive plaques out of a total of 1 million), we initially thought 
that GKLF t like zif/268, would behave like an immediately- 
early gene. We were therefore surprised to find from the North- 
ern blot experiment shown in Fig. 4 that GKLF behaved quite 
differently from zif/268 or other immediate-early genes. The 
differences include the following. 1) The steady-state GKLF 
transcript level was high in serum-starved quiescent NIH 3T3 
cells. 2) The transcript level did not rise appreciably during the 
first few hours of serum induction. 3) The transcript level 
began to fall at 8 h of serum treatment. In addition, the GKLF 
transcript was nearly undetectable in RNA harvested from 
exponentially proliferating cells. Combining the results of se- 
rum stimulation (Figs. 4 and 5). serum starvation (Fig. 6). and 
contact inhibition (Fig. 7) experiments, it becomes apparent 
that expression of GKLF is associated with cessation of cell 
growth. It is especially of interest to note that in serum-stim- 
ulated cells, the GKLF transcript level first decreases at a time 
that immediately precedes the S phase of the cell cycle (Figs. 4 
and 5) (Quelle et al. t 1993). This observation suggests that 
GKLF may exhibit a negative effect on cell cycle progression, 
particularly at the Gi/S transition phase. The diminished 
1 3 H | thymidine incorporation by cells in which GKLF was con- 
stitutively expressed (Table I) and the lack of BrdUrd uptake 
by cells expressing GKLF (Fig. 8) support this hypothesis. 

The expression of GKLF in response to serum stimulation 
and deprivation in cultured fibroblasts is reminiscent of that of 
a group of genes exclusively expressed in the growth arrest 
state. These genes are divided into two categories: the gas 
(growth arrest-specific) genes (Ciccarelli et aL., 1990; Gorski et 
aL. 1993) and the gadd (growth arrest- and DNA damage- 
inducible) genes (Fornance era/., 1989; Zhan era/., 1994). Like 
GKLF, expression of the gas genes is highest in quiescent cells 
and is down-regulated following mitogen stimulation. In par- 
ticular, the time course of expression of GKLF following mito- 
gen addition to quiescent cells (Figs. 4 and 5), serum depriva- 
tion (Fig. 6), and cell contact (Fig. 7) is remarkably similar to 
that for gas 1 (Ciccarelli etal, 1990; Schneider era/, 1988) and 
gas5 (Ciccarelli et aL, 1990). Similar to the Inhibitory effect of 
GKLF on DNA synthesis (Table I), when ectopically expressed, 
some of the gas genes cause growth arrest and are thought to 
be involved in a negative circuit that governs growth suppres- 
sion (Del Sal et ah, 1992). Nevertheless, despite an overall 
similarity in the pattern of expression of the gas gene family. 



they encode a diverse group of protein products. For example. 
gasl and gas3 encode integral membrane proteins (Del Sal et 
aL. 1992; Manfioletti et aL. 1990); gas2 encodes a protein of the 
microfilament network system (Brancolini et aL. 1992); and 
gas6 encodes a secreted, vitamin K-dependent protein that is a 
ligand for the Axl receptor tyrosine kinase (Varnum et aL. 
1995). The gax gene (growth arrest-specific homeobox) is a 
notable exception of the gas gene family in that it encodes a 
homeobox-containing transcription factor that is highly specific 
for vascular smooth muscle cells (Gorski et aL, 1993). Finally, 
gadd J 53, the only gadd gene with an identified function, is a 
member of the C/EBP family of transcription factors and is the 
human homologue of the murine CHOP- JO gene (Ron and 
Habener, 1992). 

In vivo, the expression of GKLF is highly tissue-selective and 
is enriched in regions of the intestinal tract, testis, and lung 
(Fig. 9). It is of interest to note that a partial cDNA fragment 
encoding the putative rat homologue of GKLF was identified in 
Sertoli cells that had been treated with follicle-stimulating 
hormone (clone 59) (Hamil and Hall, 1994). Other than its 
induction by follicle-stimulating hormone, little information 
regarding the expression of clone 59 is available. In situ hy- 
bridization experiments should help clarify the cellular origin 
of GKLF in the testis. It is clear from Figs. 10 and 1 1, however, 
that expression of GKLF in the colon is highly enriched in the 
crypt epithelium. This finding is supported by the cloning of a 
putative human homologue of GKLF from the colonic mucosa 
(see "Results"). Moreover, results of in situ hybridization indi- 
cate that the GKLF transcript is localized to a population of 
epithelial cells residing in the middle to upper crypt region. 
This portion of the colonic crypt is thought to consist of cells 
that have undergone growth arrest and that have begun to 
differentiate into mature colonocytes as they emerge from the 
proliferating compartment at the base of the crypt (Gordon et 
aL, 1992). Thus. GKLF may play two potential physiological 
roles in this environment. It can act either as a growth-sup- 
pressing gene product that is involved in the growth arrest of 
epithelial cells as they exit the base of the crypt or as a differ- 
entiation-promoting gene product that is responsible for acti- 
vating downstream genes that are required for the differenti- 
ated epithelial phenotype. These two functions are not 
mutually exclusive such that GKLF can potentially serve both, 
in a manner similar to MyoD, which promotes both myogenic 
differentiation and terminal withdrawal from the cell cycle 
(Halevy et aL. 1995). Clearly, the exact function of GKLF in the 
cell cycle and/or in terminal differentiation awaits further 
examination. 
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3T3 cDNA library and the Genetics Institute for the PMT3 plasmid. We 
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• G2532 

ASSOCIATION BETWEEN MANGANESE - SUPEROXIDE DISMUTASE 
AND THE HUMAN COLORECTAL CANCER SEQUENCE. A.M.L. 
Janssen . C,B. Bosman, L. Kruidenier, CRM. Sier, M.M. Oostendorp-van de 
Ruit, G. Griffioen, C.B. H.W. Lamers, H.W. Verspaget. Dept. Gastro- 
enterology- Hepatology, Leiden University Medical Center, The Netherlands 

The balance between reactive oxygen metabolites and antioxidants, such as 
Mn (manganese) - and Cu/Zn (copper/zinc) - superoxide dismutase (SOD), is 
thought to play a role in gastrointestinal cancer development and treatment 
response. In the present study the Mn-SOD and Cu/Zn-SOD expression was 
evaluated at the antigen level by ELlSAs using monospecific antibodies, 
confirmed by Western-blotting and immunohistochemistry, and at the activity 
level by a spectrophotometric assay, confirmed by electrophoretic 
NBT-reduction. The complete colorectal neoplasia sequence was assessed, 
i.e. colorectal adenomas, carcinomas and liver metastases and their 
corresponding normal tissues (n=35 in each group). 

The Mn-SOD content (ug/mg protein), immunohistochemically primarily 
expressed in the (neoplastic) epithelial cells, increased in the sequence normal 
mucosa (0.23 ± 0.04) - adenoma (0.63 ± 0.08) - carcinoma (0.93 ± 0.08) (both 
p<0.0005). The activity level (U/mg protein) changed similarly (respectively 
3.8 ±0.6, 4.9 ±0.4, and 7.3 ± 0.8 (p<0.0005), all n=17). Liver metastases 
expressed Mn-SOD antigen and activity levels comparable to that of the 
primary carcinomas. The Mn-SOD content was associated (p<0.05) with the 
differentiation grade of the carcinomas and in the adenomas with the 
diameter. There were no differences in the Cu/Zn-SOD content (mucosa: 
0.56 ± 0.03, adenomas: 0.55 ± 0.04, and carcinomas: 0.61 ± 0.04), 
immunohistochemically expressed ubiquitously, whereas there was a 
significant decrease in the Cu/Zn-SOD activity [respectively 6.2 ±0.6, 
3.8 ± 0.4 (p<0.0005), and 4.1 ± 0.5 (pSO.01)]. which might be attributable to 
interference by ex trace llular-SOD in the activity assay. Liver metastases 
expressed comparable Cu/Zn-SOD activity levels (5.3 ± 1.1) but significantly 
(p<0.02) higher antigen levels (1.07 ±0.17) as carcinomas. Normal liver 
contained 8- to 15-fold higher SOD levels than all other tissues. 
In conclusion, colorectal neoplasia is accompanied by major changes in the 
level of Mn-SOD. These observations, in combination with the previously 
reported association between colorectal cancer Mn-SOD level and patient 
survival, might have both clinical and therapeutical implications. 
This research was funded by the Dutch Cancer Society (Grant RUL 94-864). 

• G2533 

PROGNOSTIC RELEVANCE OF SUPEROXIDE DISMUTASES IN 
GASTRIC CANCER. A.M.L. Janssen . C.B. Bosman, F.J.G.M. Kubben, W. 
van Duijn, M.M. Oostendorp-van de Ruit, G. Griffioen, C.B. H.W. Lamers, 
H.W. Verspaget Dept. Gastroenterology-Hepatology, Leiden University 
Medical Center, The Netherlands. 

The oxidant-antioxidant balance is thought to contribute to the initiation, 
development and treatment response of cancer. In the present study we 
evaluated the prognostic significance of the antioxidants Mn- and Cu/Zn-SOD 
in gastric carcinomas and corresponding normal gastric mucosa obtained from 
resection specimens (n=81), as determined by ELISAs, in comparison with 
major clinicopathological parameters. 

The Mn-SOD content (ng/mg protein) of carcinomas was significantly higher 
compared to that of normal mucosa (91 1 ± 62 vs 493 ± 30, p<0.0005). Within 
the normal mucosa, a high Mn-SOD content (>335) was associated with a 
good (25.5%) and a low Mn-SOD content with a poor (6.1%) overall survival 
(p=0.02, follow-up ranging from 2.8 to 9.8 years). In contrast, a high Mn- 
SOD content (>450) of the carcinomas was found to be associated with a poor 
(14.1%) and a low Mn-SOD content with a good (35.3%) overall survival 
(p=0.03), as previously reported in colorectal cancer. The Cu/Zn-SOD content 
was significantly lower in carcinomas compared to normal mucosa (606 ± 33 
vs 7 1 8 ± 25, p=0.001 ). Furthermore, a high Cu/Zn-SOD content (>754) of the 
normal mucosa was associated with a good (35.3%) and a low Cu/Zn-SOD 
with a poor (6.4%) overall survival (p=0.002). There was no significant 
association between the Mn- and Cu/Zn-SOD content and nine dichotomized 
clinicopathological parameters (gender, age, TNM, Lauren, WHO, 
localization, diameter, eosinophils, and intestinal metaplasia), with the 
exception of the Mn-SOD and the gender of the patients. Multivariate Cox 
analyses showed that the SOD variables are independent predictors of survival 
(0.002<p<0.03), in addition to the dichotomized clinicopathological parameters. 
In conclusion, human gastric cancer is accompanied by major changes in the 
Mn-SOD and Cu/Zn-SOD content, which are also important predictors of the 
clinical outcome of the patients. Particularly, a high SOD content in normal 
mucosa is associated with a good and, in contrast, a high SOD content in 
carcinomas is associated with a relatively poor overall survival. The SOD 
antioxidant status of gastric cancer patients might, therefore, be of relevance 
for (adjuvant) therapy planning. 

This research was funded by the Dutch Cancer Society (Grant RUL 94-864). 
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COOPERATION BETWEEN THE CYCLIN Dl ONCOGENE AND TWb 
CHEMICAL CARCINOGEN N-NITROSOMETHYLBENZYLA\nS» 
IN THE INDUCTION OF ESOPHAGEAL DYSPLASIA iv 
TRANSGENIC MICE. TP Jenkins 1 , A Mueller 1 , R Odze* A Shahsafaei* v 1 
Zukerberg 3 , G Stoner 5 , AK Rustgi 1 - 2 . Gastrointestinal, 2 Hematol 0 ffv/ 
Oncology, and ^Pathology Units, Massachusetts General Hospital anrf^S 
department of Pathology, Brigham and Women's Hospital, Harvard Medical ' ! 
School, Boston, MA 02114 and the 5 Arthur James Cancer Research Institut 
Ohio State University, Columbus, OH 43210 e '.,| 

INTRODUCTION: The molecular pathogenesis of esophageal squamou^ll 
dysplasia and squamous cell carcinoma has been hypothesized to involve anflf 
interaction between environmental exposures and genetic factors. Wc^l 
proposed to directly test this hypothesis in an animal model of esophageal :> 1 
squamous dysplasia, a precursor to esophageal squamous carcinoma. This was 
pursued with transgenic mice in which the cyclin Dl oncogene, known to be':! 
overexpressed in premalignant and malignant conditions of the esophagus, is 
targeted to the esophageal squamous epithelium resulting in squamous^? 
dysplasia. To determine whether environmental factors exert additive effects, j 
on neoplasia, we administered the esophageal specific carcinogen 3 
N-nitrosomethylbenzylamine (NMBA) to cyclin Dl transgenic and wild type ^1 
FVB/N mice. METHODS: 80 FVB/N w/t and cyclin Dl transgenic rrucf*! 
were randomized to three treatment arms, to receive in blinded fashion either M 
1.0 mg NMBA/kg body weight once weekly for 15 weeks, three times weekly ' 
for 5 weeks, or no treatment. Subcutaneous injections of NMBA (in 20%*'ll 
DMSO) were given beginning at four weeks of age and mice were monitored . ¥l 
for general appearance, activity, and weight. Mice from each group were 
euthanized at 9, 12, and 15 months of age and tissues examined for the 
presence of gross pathology. Representative hematoxylin and eosin stained J 
tissue sections of tongue, proximal and distal esophagus, stomach, and liver 
were examined. Immunohistochcmical staining was performed on sections of 
esophagus with an antibody to proliferating cell nuclear antigen (PCNA)J 
RESULTS: Histologic analysis of the esophageal squamous epithelium US 
revealed more severe dyskeratosis, hyperplasia, and dysplasia at all time ,>.5 
points in NMBA treated cyclin Dl mice. Cyclin Dl mice treated with both • J 
schedules of NMBA developed a greater severity of dysplasia than untreated 
transgenic mice and NMBA treated wild type mice. Age matched untreated in 
FVB/N mice developed no abnormalities. PCNA staining of cells in uV J \ 
esophageal squamous epithelium was increased in NMBA treated cyclin Dl ^ * 
mice compared with untreated transgenic or treated wild type mice! 
CONCLUSIONS: NMBA administration and overexpression of cyclin Dl in 
the esophageal squamous epithelium of mice increases the severity of 
dysplastic change compared with that induced by either factor alone. This : - 1 
lends support to the hypothesis that a combination of genetic andC;.j 
environmental factors increases the risk for esophageal squamous fl>i$ 
carcinogenesis. ' 



• G253S .5 
TRAA'S-ACTTVATION OF THE ESOPHAGEAL SQUAMOUS 
EPITHELIAL SPECIFIC HUMAN KERATIN 4 AND EPSTEIN-BARR 
VIRUS ED-L2 PROMOTERS BY GUT-ENRICHED KRt)PPEL-LIKE 
FACTOR TP Jenkins 1 . OG Opitz 1 , J Okano 1 . AK Rustgi 1 - 2 . 1 Gastrointestinal; 
and 2 Hematology/Oncology Units, Massachusetts General Hospital, Harvard; 
Medical School, Boston, MA. ^ 

INTRODUCTION: Gut-enriched Kriippel-like Factor (GKLF), also referred 
to as Epithelial Zinc Finger (EZF), may transcriptionally regulate the switch 
from proliferation to differentiation in the suprabasai layer of the esophageal 
squamous epithelium based upon its cellular localization and effects on cell 
proliferation. To determine whether GKLF regulates genes expressed in this 
zone of the squamous upper gastrointestinal tract, we investigated its effects 
on two esophageal squamous epithelial-specific promoters, the £pstein-Barr 
Virus ED-L2 early lytic cycle promoter and the human keratin 4 (K4) 
promoter. METHODS: RT-PCR and Northern blot analysis were used to 
determine expression of GKLF in the esophageal squamous carcinoma TE-11 
cell line, 293, and 3T3 cell lines. Using a DNA probe specific to the zinc 
finger domain of GKLF, a TE-1 1 library was screened to obtain the full length 
GKLF cDNA, which was placed into expression vector pcDNA3.1/HisB 3' to 
a polyhistidine and epitope tag. The GKLF vector was transfected into 293 
cells for Northern and Western blot analysis. Co-transfection experimsnts 
were performed with GKLF and reporter gene constructs of the ED-L2 and 
keratin 4 promoters. Electromobility shift assays (EMSAs) were performed 
with radiolabeled cw-regulatory elements from both promoters, using affinity 
column and gel filtration purified GKLF-Histidine fusion protein. RESULTS: 
GKLF was expressed in TE-11 and 3T3 but not 293 cells. Transient 
transfection of the GKLF vector yielded expression of a 3.5 kB transcript and 
65 kDa protein. A less abundant 34 kDa lagged protein was also detected. 
GKLF was found to markedly transactivate both the ED-L2 and keratin 
4 promoters. The transactivation was localized to regions -144 to -114 and 
-340 to -140 of the ED-L2 and K4 promoters, respectively. Both regions 
contain CACCC-like elements known to bind GKLF in EMSAs. EMSAs 
revealed that purified GKLF-fusion protein specifically bound CACCC-lik? 
elements corresponding to cw-regulatory elements of both promoters. Siz? 
fractionation of the 65 and 34 kDa proteins revealed that the 65 kDa GKLF- 
fusion was sufficient to bind CACCC. CONCLUSIONS: These experiments 
demonstrate that GKLF is expressed in the TE-11 cell line in which 
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esophageal squamous epithelial specific genes are highly active. In the 
nun-GKLF expressing 293 cell line, GKLF powerfully activates 
transcriptional activity of the ED-L2 and K4 promoters, requiring the 
presence of a CACCC-like motif. This is the first demonstration that GKLF 
transactivates genes of the squamous upper gastrointestinal tract active at the 
• point of transition from proliferation to early differentiation. GKLF may thus 
play an important role in orchestrating this critical pattern of gene expression. 

G2536 

METASTATIC BREAST CARCINOMA TO THE AMPULLA: A CASE 
REPORT. C. Jones . N. Tibaldi, J. Shogan, T. Jan Ravi, R. Agrawal, M Roh, 
C. Brodmerkel Jr., Allegheny University of the Health Sciences, Pittsburgh, PA. 
CASE: A 45 year old white female who had been treated by modified radical 
mastectomy was found to have a dilated common bile duct but no evident 
metastatic disease on follow-up staging thoracoabdominal CT. Routine labs at 
that time were normal. ERCP revealed a mass at the ampulla and a common 
bile duct measuring 25mm. Biopsy showed histologic similarity to the 
original breast lesion tissue. Estrogen and progesterone receptors were 

. negative in both breast and ampullary lesions. After 4 cycles of Adriamycin 
with concurrent Tamoxifen local surgical excision revealed negative margins. 
High dose chemotherapy and bone marrow transplant are the next stage of therapy. 
DISCUSSION: Although metastases may occur in 30 % of breast cancer 

: patients, localization to the pancreas and biliary tree, however, is rare. Titus et 
al.(l) described 4 cases with only one being confined to the ampulla. All 
patients were treated by pancreaticoduodenectomy. Controversy exist 
regarding surgical treatment of primary tumors of the ampulla, there are no 
controlled studies regarding metastatic disease of the ampulla. In our case, 
due to tumor free margins on frozen section, we elected to do a local excision. 
This is a viable option with less morbidity and mortality than pancreatico- 
duodenectomy. 

Conclusion: Consider local excision as an option in patients with the rare 
metastatic lesion of the ampulla. 

[1] Solitary Breast Metastasis to the Ampulla and Distal Bile Duct, Titus et 
al, The American Surgeon, June 1997 (63) 512-515 

G2537 

IMMUNOHISTOCHEMICAL ANALYSIS OF TGF 0, GENE PROTEIN 
IN SQUAMOUS CELL CARCINOMA OF ESOPHAGUS. Zhang Jun 
Deng DengHao Luo Jinyan Wang Kangmin. Gastroenterology Section of 
Internal Medicine, Second Affiliated Hospital, Xian Medical University. 

The expression of TGF p, protein in normal esophageal mucosa(EM), 
esophageal epithelial dysplasia (EED) and squamous cell carcinoma of 
esophagus(SCCE) was examined immunohisto-chemically. In order to show 
how TGF (}, would express in EM, EED and SCCE, whether the rate of TGF 
P, postive expression might show any correlation with established histologic 
grade and the presence of lymph node metastasis in SCCE. The results 
indicated: There wasn't expression in normal cells of EM; The rates of TGF 0, 
positve expression were 62.8% in cells of EED and 77.1% incells of SCCE, 
which had statistically significant difference compared with EM group. The 
positive rate of TGF 3, increased successively in the order of EM->well 
EED-»moderately EED-*poorly EED-^SCCE. It suggested that early 
examination of expression of TGF p, could help predict the occurrence of 
esophageal cancer. It can't find any correlation between the positive rate of 
TGF p l and established histological grade as well as the presence of lymph 
node metastasis in SCCE. 

0 G2538 

ADENOVTRUS-MEDIATED TRANSDUCTION OF ESCHERICHIA COU 
URACIL PHOSPHORIBOSYL-TRANSFERASE GENE SENSITIZES 
CANCER CELLS TO LOW CONCENTRATION OF 5-FLUOROURACIL: 
A NEW WAY TO OVERCOME THE RESISTANCE OF CHEMOTHERA- 
PEUTIC AGENT. Fumihiko Kanai . Takayuki Kawakami, Makoto Ohashi, 
Yasushi Shiratori, and Masao Omata. Second Department of Internal 
Medicine, Faculty of Medicine, The University of Tokyo, Japan. 

Background/Aim: 5-fluorouracil (5-FU). although a widely used 
chemotherapuetic agent, has a limited effect in the treatment of human solid 
tumors due to its resistance to the cytotoxic effects of 5-FU. Escherichia coli 
uracil phosphoribosyltransferase is a pyrimidine salvage enzyme which 
catalyzes the synthesis of uridine monophosphate from uracil and 
5-phosphoribosyl-a-l -diphosphate. We hypothesized that tumors can be more 
sensitive to the cytotoxic effect of 5-FU if the balance is shifted to the 
activation pathway by E. coli UPRT gene transduction. 
Methods: Recombinant adenovirus expressing E. coli UPRT gene 
(AdCA-UPRT) or lacZ gene (AdCA-IacZ) were prepared. Human cancer cell 
lines, colon (WiDr), gastric (MKN45. 28, and 1), liver (Hep3B, PLC/PRF/5) 
and pancreas (AsPC-1), were infected with the adenoviruses, cultured in the 
presence of various concentrations of 5-FU, and determined the 5-FU 
sensitivity. The expressed UPRT enzymatic activity of ceils was determined. 
Subcutaneous tumors of Hep3B or MKN45 cells were established in nude 
mice, and the ability of AdCA-UPRT plus systemic 5-FU to suppress tumor 
growth were evaluated. 

Results-. After AdCA-UPRT infection, all cell lines became sensitive to low 
concentration of 5-FU in vitro. The ratio of IC 50 of 5-FU-treated 
parental/infected cells) was between 6.3 - 100. The in vitro bystander effect 



Gastrointestinal Oncology A617 

was observed when only 10 % of Hep3B cells were infected with 
AdCA-UPRT. In addition, 5-FU treatment of Hep3B or MKN45 xenografts in 
nude mice transduced with UPRT was demonstrated to result in significant 
antitumor effects. 

Conclusions: Transduction of gastrointestinal and liver cancer cells by 
recombinant adenovirus expressing the UPRT gene increases cell sensitivity 
to the cytotoxic effect of 5-FU in vitro and in vivo. The system is 
representative of a new chemosensitization strategy for cancer gene therapy. 

G2539 

MIXED HYPERPLASTIC ADENOMATOUS POLYPS / SERRATED 
ADENOMAS. NEOPLASTIC TRANSFORMATION OF HYPERPLASTIC 
COLORECTAL POLYPS. A. Kapsoritakis, S. Potamianos . I. Mouzas, R 
Matrella, E. Anagnostopoupou, G. Alexandrakis, M. Tzardi, E. Kouroumalis. 
University Hospital of Heraklion, Crete, Greece. 

Background and aims: Mixed Hyperplastic Adenomatous Polyps (MHAP)/ 
Serrated adenomas combine histological features of hyperplastic and 
adenomatous epithelium. It remains controversial whether they represent de 
novo lesions or they derive from neoplastic transformation of hyperplastic 
polyps. In order to investigate this subject we compared clinicopathological 
characteristics of patients with MHAP and patients with hyperplastic, tubular 
and villous adenomas. 

Patients and method. Of 4723 colonoscopies performed in our department 
during the last 4 years, 22 patients with 23 MHAP were found. These were 
compared with 61 patients with 86 hyperplastic polyps, 40 with 58 tubular 
adenomas and 27 with 35 villous adenomas, according the size of the polyps. 
Patients from other groups had only one histological type. Statistical analysis: 
Fishers' exact test. 

Results. Synchronous lesions of patients with MHAP: 14 hyperplastic polyps, 
6 adenomas and 2 carcinomas. Regarding the sex of patients and the 
anatomical distribution of polyps there were remarkable similarities between 
the 4 histological groups. The mean age of patients with hyperplastic polyps 
was 53,7 years, MHAP 63,2, tubular adenomas 65,2 and villous adenomas 
69,5. P=0.0093 between MHAP and hyperplastic polyps.Regarding the size, 
75 (87,2%) hyperplastic polyps, 4 (17,4%) MHAP, 29 (50%) tubular and 
1 (2,9%) villous adenomas were less than 5 mm. 3 (3,5%) hyperplastic 
polyps, 13 (56,5%) MHAP, 14 (24,1%) tubular and 13 (37,1%) villous 
adenoma were larger than 10 mm. There were significant differences 
(p<0.0001) between MHAP and hyperplastic polyps in the two size* groups. 
Conclusion. Several factors support the hypothesis of neoplastic 
transformation of hyperplastic polyps: 1) The coexistence of hyperplastic and 
adenomatous epithelium in the same polyp. 2) Patients with MHAP harbor 
hyperplastic polyps in a high proportion. 3) The anatomical distribution of all 
polyps groups is virtually identical. 4) The mean age of patients with MHAP 
is about 10 years older than those with hyperplastic polyps. 5) As hyperplastic 
polyps increase in size, they exhibit areas of adenomatous epithelium. 

G2540 

IMMUNE MECHANISMS OF HELICOBACTER PYLORI INVOLVE- 
MENT IN THE PATHOGENESIS OF MALT LYMPHOMAS OF THE 
STOMACH. A.Karameris. T.Rokkas, C.Liatsos, Ev.Petridou, E.Kalafatis, 
T.Tsilalis, E.Nanos. Department of Pathology, Gastrointestinal Unit and I s * 
Surgical Department, 401 Army General Hospital of Athens, Athens, Greece. 

In the last few years, several epidemiologic and experimental studies attempt 
to specify the essential role of Helicobacter pylori (H. pylori) in the 
pathogenesis of MALT-type low grade lymphomas of the stomach and to 
correlate them with H.pylori-gastritides. Subepithelial plasma cell 
differentiation, blast transformation and the specific colonisation of lymphoid 
follicle centres by neoplastic cells indicate that the tumor is immunologically 
responsive. Aim: To investigate the immunologic mechanisms that trigger the 
formation of MALT-type lymphomas on the ground of H.pylori gastritis, 
through the development of anti-idiotypic (AI) monoclonal antibodies 
(Moabs) that recognise the IgM/Xand IgA/X idiotypes of the neoplastic 
population of MALT lymphomas. Methods: Frozen material of 50 cases of 
chronic H.pylori- gastritides, 15 MALT lymphomas of the stomach and 20 
nodal non-Hodgkin lymphomas, with immunophenotype IgA/A., CD 19+, 
CD20+, CD5-, CD 10-, CD23-, were studied. In order to define/specify Moab 
27/165 lymphocyte targets, the idiotypic Moab 21/05 was produced using cell 
cultures of IgA lymphocytes from a MALT case that excibited the phenotype 
IgA, CD20+, fused with the heteromyeloma cell line HAB-1. Hybridoma 
supematants were screened for Moabs production with an ELISA and 
subcloned by limiting dilution. Afterwards, the AI Moab 27/165 was 
produced and its specificity was examined with the idiotypic homologue 
Moab 21/05 using the ELISA technique. Results: The results showed that the 
Moab 27/165 reacted with lymphocytes and plasmatocytes of the 
inflammatory population in 45/50 of H.pylori-gastritides, as well as with the 
neoplastic population of the MALT case used for the production of the 
idiotypes. None of the 20 nodal and 15 extranodal lymphomas exhibited 
positive immunosignal. Conclusions: The selective specificity of the Al 
antibody 27/165 to recognise lymphocytes of the inflammatory population in 
H.pylori-gastritides, give rise to strong suggestions of the involvement of 
these cells in the development of MALT lymphomas through immune 
mechanisms rather than direct implication of the microorganisms. 
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A692 AGA ABSTRACTS 
G2861 

1MMUNOHISTOCHEMICAL STAINING FOR BCL-2 AND P53 IN 
GASTRIC ADENOCARCINOMAS. K Triantafvllou 1 , M Tzouvala 5 , N 
Kp.pranos 2 , GV Papatheodoridis 1 , A Zizi-Scrbetzoglou 3 , I Eiemenoglou\ DG 
Karamanolis 1 , SJ Hadziyannis 4 . Depts. of 1 Gastroenterology & * Pathology, 
•Tzaneion" Hospital of Piraeus; 2 Dept. of Pathology, "Hygeia" Hospital, 
^Academic Dept. Hippokration Hospital, Athens, Greece. 

Apoptosis, an early event during tumori genes is has been shown to be 
inhibited by bcl-2 as well as by mutant p53 protein. The aim of the study was 
10 investigate the expression of these proteins in gastric adenocarcinomas 
(GAC). Forty-eight tumors and tissue from 22 normal consecutive patients 
(50M/20F, age: 66 ± 12 yrs) were examined. The expression of the proteins 
was immunohistochemically examined on paraffin-embedded, microwaved 
sections using the monoclonal antibodies anti-bcl-2, clone 124 (Dako) and 
anti-p53, clone 1801 (Biogenex). Positive cells were quantified and expressed 
as the percentage of the total number of cells and assigned to one of 5 
categories: 0:<5%, 1:6-25%, 2:26-50%, 3:51-75%, and 4:>75%. No p53 
immunoreactivity was noted in the normal tissue while bcl-2 immunolabeling 
was located just below the pit/gland junction of the normal mucosa and 
assigned to category 0. bcl-2 Expression was detected in 29% (14/48) of GAC 
and it was diffuse (>75% of immunostaincd cells) in 14% of them. p53 
Immunoreactivity was noted in 54% (26/43) of GAC (diffuse in 42% of 
them). No correlation between bcl-2 and p53 protein expression was observed 
in GAC (r=0.006, p=0.9). Multivariate analysis revealed that GACs 
differentiation was the only significant predictor for bcl-2 protein expression 
(Odds Ratio: 2.4, 95%CI: 1.1-5.2, p=0.04). No significant predictor was 
revealed for p53 protein expression. Four patterns of bcl-2/p53 
immunoreactivity were observed: bcl-2+/p53+ in 7 (14.6%) GAC, bcl-2-/p53- 
in 15 (31.3%), bcl-2+/p53- in 7 (14.6%) and bcl-2-/p53+ in 19 (39.6%) of 
them. bcl-2+/p53 + Immunoreactivity was observed in 7/17 (41%) of the 
intestinal (according to Lauren's classification) type GAC [relative risk (RR): 
2.4, 95%CI: 1.7-3.5] and in none of the other types (p=0.01). The same 
pattern was also observed in 7/17 (41%) of the well and moderate 
differentiated GAC (same RR as above) and in none of the poor differentiated 
ones (p=0.01). bcl-2-/p53- Immunoreactivity was noted significantly more 
frequently in the diffuse type and in the unclassified GAC than in the 
intestinal type ones (11/24 or 46% vs 4/24 or 17%, RR: 4.2, 95%C1: 1.1-16.2, 
p=O.03). The same pattern was noted in all poor differentiated tumors and in 
3/24 (12.5%) of the well and moderate differentiated ones (RR: 7, 95%Ci: 
1.6-30, p=0.005). The bcl-2-/p53+ pattern was observed in all unclassified 
GAC versus 14/43 (32.5%) of the two Lauren's types GAC (p=0.007). In 
conclusion, our data suggest that 1. The only significant predictor for bcl-2 
protein expression is tumor's differentiation, while no significant predictor 
was revealed for p53 protein expression. 2. The pattern of bcl-2/p53 
immunolabeling depends on the histologic characteristics of the tumors 3. 
bcl-2+/p53+ Immunoreactivity is detected more frequently in the intestinal 
type and in the well or moderate differentiated GAC, while bcl-2-/p53- 
immunoreactivity is expressed more frequently in the diffuse type and in the 
unclassified GAC as well as, in the poor differentiated tumors. The bcl-2- 
/p53+ pattern seems to be associated with unclassified GAC. 

• G2862 

ESOPHAGEAL STENTING FOR MALIGANT ESOPHAGO- 
RESPIRATORY FISTULA: A COMPARISON BETWEEN SELF- 
EXPANDING MESH-MEMBRANE STENT VS. PLASTIC STENT. 

CI Tsai 5 - 2 WY Lee. 1 - 2 CH.Chen. 2 YG Chang. 2 TH Yang. 12 HY Tsai.* JT Lin. 2 
TH Wang. 2 . l Dept.of IntMed.Poh-Ai Hosp.Lotung, Taiwan. 2 Dept.of 
Int. Med. National TaiwanUniversityHosp.Taipei,Taiwan. 3 Union.Chemical 
Lab.lTRl.Taiwan. 

BACKGROUND AND AIM : The development of esophago- respiratory 
fistula due to cancer (CA) is a devastating complication. Rapid palliation is 
usually possible with endoscopic placement of either a plastic stent (PS) or a 
self-expanding mesh-membrane stent (SEMMS). We compared the efficacy 
and safety between the two methods. MATERIALS AND METHODS: From 
Feb. 1994 to Dec, 1997, 16 consecutive patients(p't)with maligant esophago- 
rcspiratory fistula (14 esophageal CA.,2 lung CA.) were treated with either PS 
or a SEMMS.. Age ranged from 44 to 77 years (medium .58.4 years); the rate 
of male/female was 14:2. The location of fistula included trachea in 10, right 
bronchus in 3, left bronchus in 1, mediastinum in 1 and pleural cavity in 1. In 
the PS group, Atkinson type prothesis were used in 6 p'ts.commerical 
SEMMS were inserted using Wallstent in 9 p'ts and coated-Ultraflex stent in 
one p't. The p'ts were evaluated every four weeks till death. The effect of 
palliation was evaluated clinically and roentgenographyically. RESULTS: 
Stent placement was successful in both PS group (6/6) and SEMMS 
group(10/10). SEMMS obliterated the fistulous tract better than PS (10/10 
VS. 4/6). Early complications,including stent migration and airway 
compress ion, were significant less frequent with SEMMS than with PS (0 VS. 
2/6,0 VS. 5/6,respectively). Common late complications comparing SEMMS 
with PS were food impaction (3/10 VS. l/6),tumor overgrowth (3/10 VS. 1/6) 
and tumor invasion of airway (2/10 VS. 0). Rate of intervention was similar in 
both treatments. Survivals with SEMMS and PS were 88.8days VS. 71.2 days 
(P>0.05). CONCLUSION: Our preliminary study suggests that SEMMS is 
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-respiratory fistula with fewer 
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superior in completely obliterating the t „ 
fatal complication and no airway compression. 

> G2863 : >j 
DOWN-REGULATION OF GUT-ENRICHED KROPPEL-Mke ^ 
FACTOR IN COLONIC NEOPLASM. C-C Tseng J-L Shie, S-F Yet, and : 
M-E Lee. Section of Gastroenterology, Boston University School 0 f 
Medicine, and Cardiovascular Biology Laboratory, Harvard School of Public . i 5 
Health, Boston, MA. ; v; J 

Gut-enriched Krilppel-like factor (GKLF) belongs to a family of eukary 0 tj Cv \ $ 
zinc finger transcriptional factors. GKLF possesses a DNA-binding motif and 
functions as a transcriptional repressor to inhibit DNA synthesis. Although :f j¥ 
GKLF mRNA is widely distributed in the gastrointestinal tract, its role in the, 5)* 
regulation of gastrointestinal mucosal growth is largely unknown. The: : -V*? 
expression of GKLF mRNA was first examined in human colonic cancerous, \ :; £ 
adenomatous and hyperplastic tissue in comparison with nearby normal / ^S 
mucosa. Decreases in GKLF mRNA levels were detected in cancerous or fi 
adenomatous tissue (42 ± 15 and 64 ± 10 % of control, respectively), whereas 
GKLF levels remained normal in hyperplastic tissue (n= 5-6 for each group). 
GKLF mRNA levels were also found to be lower in a human adenocarcinoma ' 
cell line (HT-29) than in an embryonic intestinal cell line (1-407). To assess 
the effect of GKLF expression on cell growth, HT-29 and 1-407 cells were 
transiently transfected with either sense or anti-sense GKLF cDNAs for 48 h- 
at which time DNA synthesis was determined by [ 3 H>thymidine J ; 
incorporation. Overexpression of sense GKLF cDNA in HT-29 and 1-407 -V' 
cells significantly inhibits pH]-thymidine incorporation by 25 ± 7 %, and, i 
15 ±5 %, whereas anti-sense GKLF cDNA transfection increases^- - 
pH]-thymidine uptake by 76 ± 14 % and 28 ±10 % respectively. TheJ^j 
regulation of GKLF on cell growth was further examined in vivo in male- f T * S 
Sprague-Dawley rats fasted for 2 days followed by refeeding for 3 h. Colonic ^ 7; 
GKLF mRNA levels were two-fold higher in fasting than in control rats, ond^V* 
these increases were abolished by refeeding when rapid cell proliferation was'^-r 
detected indicating that GKLF was potentially a negative regulator of mucosal ; 
growth. These results demonstrated that expression of GKLF is temporally;; ;- 
associated with cell cycle and that repression of GKLF expression stimulates^ 
DNA synthesis. Thus, down-regulation of GKLF may facilitate cells to enter the; " 
growth cycle and potentially result in tumorgenesis in the gastrointestinal tract. 

G2864 -i^I 
CLINICAL FEATURES OF ANORECTAL MALIGNANT MELANOMA^ 2 
IN THE JAPANESE PATIENTS. Y. Tsubosa . T. Akasu, H. Miyake, Y.^:/ 
Moriya, S. Fujita. A. Takada, K. Kubota. National Cancer Center Hospital,^ 'Y|| 
Tokyo, Japan. 

Anorectal malignant melanoma is a rare tumor that is usually detected lately. ^ 
and is associated with poor prognosis. Clinical features of this disease in the..r> ^ 
Western patients are well known, however, those in the Japanese patients are 
poorly documented. The purpose of this study is to clarify clinical features of ; 
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anorectal malignant melanoma in the Japanese patients. METHODS: Medical^Jf || ( ^ , f 
records of 7 patients whom we treated and data of 66 patients, which were, v i & I^^ V "I ufc 



reported in the Japanese literature, were reviewed. RESULTS: There was a.- 
female predominance (50 females, 23 males). The mean age at diagnosis was^^f 
62 years (range, 25-84). Treatments included abdominoperineal resection f^te^.^^' 1 ^ 



(APR) in 60 patients and local excision (LE) in 9. Overall 5 -year survival rate? 
was 19%. The survival distribution of patients with tumors measuring less. ; / : 
than 5 cm was significantly better than that of patients with larger tumors 
(5-year survival rate: 37% vs 0%, P=0.0002). Although there was no,^-.l 
significant difference between survival distribution of patients treated witn ,/ . 
APR and that of patients treated with LE (5-year survival rate: 24% vs 0*,;|^.| 
FM).7), 5-year survival rate of patients who had tumors smaller than 5 cm and; v^J 
underwent APR was acceptable (43%). CONCLUSION: The clinical features: ^ 
of the Japanese are generally similar to those of the Westerners. Although ^ 
prognosis of the Japanese is as poor as that of the Westerners, radical resection of » ^ 
lesions smaller than 5 cm may lead to favorable prognosis in the Japanese patient. 
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• G2865 : ';|| 
FAS LIGAND EXPRESSION DETERMINES LIVER COLONIZATION > s * 
COMPETENCE OF COLONIC ADENOCARCINOMA. N. Tsuji, A 
Tsuji, K. Shiraki, H. Takahashi. Gastrointestinal Unit, Harvard Medical 
School and Massachusetts General Hospital, Boston, MA. 
Background/Purpose: Fas ligand (FasL) plays a pivotal role in lymphocyte 
cytotoxicity and the maintenance of immunological homeostasis. FasL is clso 
implicated in the existence of immunologically privileged body sites by 
inducing apoptosis of activated T lymphocytes. We investigated the. 
expression of FasL in human colon cancers and found that human colonic 
adenocarcinomas metastatic to the liver constitutively express FasL (Prop. 
Natl. Acad. Sci. USA 94:6420. 1997). Since the FasL expressed in colonic 
adenocarcinoma was functional, we hypothesized that the FasL expression, 
may determine liver colonization competence of colonic adenocarcinoma^ 
through induction of apoptosis in the Fas-expressing hepatocytes at metastatic , 
foci. In this study, we established stable transfectants of murine FasL (mFasL) 
in MCA-38 colonic adenocarcinoma cell line that was chemically induced by 
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Identification of Aberrantly Methylated Genes in Association with Adult 
T-Cell Leukemia 

Jun-ichirou Yasunaga, 1 Yuko Taniguchi, 1 Kisato Nosaka, 1 Mika Yoshida, 1 Yorifumi Satou, 1 Tatsunori Sakai, 2 
Hiroaki Mitsuya, 2 and Masao Matsuoka 1 

'Laboratory of Virus Immunology. Institute for Virus Research, Kyoto University, Kyoto, Japan; and -Department of Internal Medicine II, Kumamoto University School of 
Medicine, Kumamoto. Japan 



ABSTRACT 

In this study, we identified 53 aberrantly hypermethylated DINA se- 
quences in adult T-cell leukemia (ATL) ceils using methylated CpG island 
amplification/representational difference analysis method. We also ob- 
served a proportionate increase in the methylation density of these regions 
with disease progression. Seven genes, which were expressed in normal T 
cells, but suppressed in ATL cells, were identified near the hypermethy- 
lated regions. Among these silenced genes, Kr up pel-like factor 4 (KLF4) 
gene is a cell cycle regulator and early growth response 3 (EGR3) gene is a 
critical transcriptional factor for induction of Fas ligand (FasL) expres- 
sion. Treatment with 5-aza-2'-deoxycytidine resulted in the recovery of 
their transcription, indicating that their silencing might be associated with 
DNA hypermethyiation. To study their functions in ATL cells, we trans- 
fected recombinant adenovirus vectors expressing KLF4 and EGR3 genes. 
Expression of KLF4 induced apoptosis of ATL cells whereas enforced 
expression of EGR3 induced the expression of FasL gene, resulting in 
apoptosis. Thus, suppressed expression of EGR3 enabled ATL cells to 
escape from activation-induced cell death mediated by FasL. Our results 
showed that the methylated CpG island amplification/representational 
difference analysis method allowed the isolation of hypermethylated DNA 
regions specific to leukemic cells and thus shed light on the roles of DNA 
methylation in leukemogenesis. 

INTRODUCTION 

Human T-cell leukemia virus type I (HTLV-I) is the causative 
retrovirus of a neoplastic disease, adult T-cell leukemia ( ATL) and an 
inflammatory disease, HTLV-1 -associated myelopathy/tropical spas- 
tic paraparesis (1-4). After infection with HTLV-I, a small proportion 
of carriers (about 2-5%) develop ATL after a long latent period (5). 
In this virus-induced leukemia, viral proteins encoded by HTLV-I 
play an important role in the proliferation of infected cells and 
leukemogenesis. Among them, Tax is considered to play a central role 
in leukemogenesis because of its pleiotropic actions (6, 7), such as 
transcriptional activation of cellular genes (8-10), /r<mv-repression of 
cellular genes transcription (11, 12), and functional inactivation of 
p53 and MAD1 (12, 13). These pleiotropic functions render HTLV- 
I -infected cells able to proliferate, and confer resistance to apoptotic 
signals, resulting in clonal expansion. 

In the late stage of leukemogenesis, tax is frequently inactivated 
through several mechanisms (14) such as loss of 5'-long terminal 
repeat (LTR) (15), genetic alterations of tax gene (16), and DNA 
hypermethyiation in 5' -LTR (17), indicating that Tax is not always 
necessary for leukemogenesis. Because Tax is the major target mol- 
ecule of CTLs in vivo (18), the expression of Tax confers a growth 
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advantage to infected cells, but on the other hand, it renders infected 
cells susceptible to CTLs. Fully transformed ATL cells are considered 
to acquire the ability to proliferate in vivo in the absence of Tax 
expression. Such a transformation process is thought to include alter- 
ations of host genome: genetic and epigenetic changes. Although the 
genetic changes, such as mutation of p53 (19) and deletion of pi 6 (20, 
21), in ATL cells were reported, they are not frequent and are 
observed predominantly in the late stage of the disease. 

In addition to genetic alterations, DNA hypermethyiation of pro- 
moter region CpG islands has been analyzed in the context of onco- 
genesis because this process silences gene transcription of tumor- 
suppressor genes. This epigenetic alteration is observed commonly in 
various cancer cells. Although methylation "profiling" studies have 
shown that some genes are frequently methylated in various tumor 
cells, other genes are methylated in a tumor-type-specific manner (22, 
23). To date, several methods have been developed to isolate differ- 
entially methylated DNA regions in cancers (24 -29). Recently, with 
methylated CpG island amplification/representational difference anal- 
ysis (MCA/RDA) method, we isolated hypomethylated DNA regions 
and demonstrated that MEL IS gene was hypomethylated and aber- 
rantly transcribed in ATL cells (30). 

The present study was designed to isolate hypermethylated DNA 
regions in ATL cells compared with cells in the carrier state using the 
MCA/RDA method and to identify those genes that have an expres- 
sion associated with DNA hypermethyiation. On the basis of our 
results, we discuss the association between aberrant DNA methylation 
and leukemogenesis of ATL. 

MATERIALS AND METHODS 

Cells. Peripheral blood mononuclear cells (PBMCs) were isolated from 10 
patients with ATL (live acute type cases and five chronic type cases), five 
asymptomatic carriers, and five uninfected individuals using Ficoll-Paque 
density centrifugation method. We also used the cell lines ED, ATL-43T, 
ATL-48T, ATL-55T. MT-1, and TL-Oml, which were derived from leukemic 
clones, and MT-2, which is derived from nonleukemic cells. To study the 
etTect of demethylation, ATL-43T was cultured in media supplemented with 
10 p.mol/1 5-aza-2'-deoxycytidine (5-aza-dC; Sigma, St. Louis, MO) for 3 
days, 10 ftmol/1 5-aza-dC and 1 /imol/l trichostatin A (TSA; Sigma) for the last 
24 hours, or 1 /xmol/l TSA for 24 hours alone. The human embryonic kidney 
cell line, HEK 293, was used for the packaging of recombinant adenovirus 
vectors. 

Viral FLICE-inhibitory protein (FLIP) derived from the equine herpes virus 
type 2, E8 (31), and the long form of murine cellular FLIP (mCasper L ; Ref. 32) 
expression vectors were transfected into ATL-43T cells by electroporation 
with a Gene Pulser II (Bio-Rad, Hercules, CA). Stable transfectants were 
selected and maintained in culture medium containing G4I8 (500 /xg/ml; 
Nacalai tesque, Kyoto, Japan). The transfected cell lines by each of the vectors 
were designated as ATL-43T-E8 and ATL-43T-mCas, respectively. 

Methylated CpG Island Amplification/Representational Difference 
Analysis. To identify aberrantly hypermethylated DNA regions in ATL cells, 
we used the MCA/RDA method, as reported previously (28). Five micrograms 
of genomic DNA were digested with 100 units of Sma\ (New England Biolabs, 
Beverly, MA) twice and then digested once with 20 units of Xma\ (New 
England Biolabs). RMCA adaptor was prepared by annealing of the oligo- 
nucleotides RMCA24 (5'-CCACCGCCATCCGAGCCTTTCTGC-3') and 
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RMCAI2 (5'-CCGGGCAGAAAG-3'), and ligated to the digested DNA frag- 
ments using T4 DNA ligase (New England Biolabs). To amplify the hyperm- 
cthylatcd DNA fragments, which were ligated adaptors in both ends, PGR was 
performed using the R MCA 24 oligonucleotides as primers. The amplicons 
were synthesized using samples from an ATL patient and a HTLV-1 carrier. 
For detection of A TL cell-specific hypcrmethylated DNA sequences, MCA 
products from a carrier were used as a driver of RDA, and those products from 
an acute ATL patient as a tester. We used GeneFisher Basic Reagent Set 
(TaKaRa, Shiga, Japan) for RDA. In RDA step, 500 and 100 ng of ligation 
mixture were used for the first and second selective PCR, respectively. 
Oligonucleotides used for RDA were JMCA24 (5 '-GTGAGGGTCGG ATCT- 
GG ATGGCTC-3 ' ), JMCAI2 (5 ' CCGGG AG CC AGC-3 ' ), NMCA24 (5'-GT- 
TAGCGG AC AC AGGGCGGGTCAC-3 ' ), and NMCA12 (5'-CCGGGTGAC- 
CCG-3'). Subcloning of the MCA/RDA products was carried out using pCR- 
XL-TOPO (Invitrogen, Carlsbad, CA) or pGEM-T Easy (Promega, Madison, 
WI) as vectors, and then the sequences of each fragment were determined by 
PCR using M13 primers. Sequence homologies and localization in chromo- 
somes were identified using the BLAST program of the National Center for 
Biotechnology Information. 3 

MCA-Southern Hybridization. To confirm that the isolated DNA regions 
are specifically hypcrmethylated in ATL cells, Southern blot method was used. 
MCA products from an ATL patient and a HTLV-I carrier (500-ng each) were 
separated by electrophoresis in 1.5% agarose gels and then transferred to 
Hybond-N + (Amersham Biosciences, Piscataway, NJ). All of the isolated 
DNA fragments were labeled with 32 P. and hybridized to these filters. 

Combined Bisulfite Restriction Analysis and Bisulfite Sequencing Anal- 
ysis. For nine DNA regions identified by MCA/RDA, the methylation status 
of the DNA regions was determined by Combined Bisulfite Restriction Anal- 
ysis or bisulfite sequencing as described previously (33). First, genomic DNAs 
were treated with sodium bisulfite (34) and then amplified by nested PCR 
using the specific primers listed in Supplementary Table I. The PCR products 
of these regions were digested with Taq\ (New England Biolabs) or AccU 
(TaKaRa), subjected to electrophoresis in 3% agarose gels, and visualized by 
ethidium bromide staining. The percentage of DNA methylation was calcu- 
lated by the intensities of methylation and unmethylation signal determined by 
ATTO densitometry software (ATTO, Tokyo, Japan). 

For detailed analysis of DNA methylation in Kruppel-like factor 4 (KLF4) 
and early growth response 3 (EGR3) genes, we performed bisulfite sequenc- 
ing. The PCR products of the isolated regions and promoter regions of these 
genes were subcloned into pGEM-T Easy, thereafter, the sequences of each of 
10 clones were determined. Because the promoter sequence ot'KLF4 has not 
been determined, we predicted its sequence using the program 4 supported by 
the Biolnformatics & Molecular Analysis Section, Computational Bioscience 
and Engineering Lab, Center for information Technology, and NIH. Primers 
for bisulfite sequencing are also listed in Supplementary Table I. 

Semi-quantitative Reverse Transcriptase-PCR. Total RNA was ex- 
tracted from the PBMCs and cell lines using Trizol reagent (Invitrogen) and 
then treated DNasel (Invitrogen). cDNAs were synthesized from 0.5 /u,g of 
total RNA with the Superscript First-Strand Synthesis System for reverse 
transcription (RT)-PCR (Invitrogen) and used for semi-quantitative RT-PCR 
as template. The primers used for RT-PCR and their annealing temperatures 
are summarized in Supplementary Table 2. The number of PCR cycles was 
appropriately determined for each quantification (Supplementary Table 2). We 
used 1.25 units of ExTaq polymerase (TaKaRa) for each reaction. All exper- 
iments were performed including samples of whole brain (Clontech, Palo Alto, 
CA) and skeletal muscle (Stratagene, La Jolla, CA) as positive control of PCR 
reaction. 

Construction of Adenovirus Vectors. The recombinant adenovirus vec- 
tors containing KLF4 and EGR3 gene (KLF4-AD and EGR3-AD, respectively) 
were generated using Adeno-X Expression System (Clontech) according to the 
manufacturer's protocol. These adenovirus vectors were concentrated and 
purified by Virakit for adenovirus 5 and recombinant derivatives (Virapur, San 
Diego, CA), and then the viral titers were determined using Adeno-X Rapid 
Titer Kit (Clontech). The /acZ-containing adenovirus vector (lacZ-AD) was 
also prepared as a negative control. All adenovirus vectors were used to infect 
an ATL cell line, ATL -43 T, at 1,000 infectious units/cell. 



3 http://www.ncbi.nlm.nih.gov/BLAST/. 

4 http://bimas.dcrLnih.gov:80/motbio/proscan/. 



Flow Cytometric Analysis. The flow cytometry (model EPICS XL flow 
cytometer, Beckman Coulter, Miami Lakes, FL) was used for analyses of 
apoptosis. Annexin V-FITC/PI double staining and tcrminal-dcoxynucleotidyl 
trans ferase-mediated dUTP-FITC nick-end labeling (TUNEL) assay were per- 
formed for detection of apoptosis, using MEBCYTO apoptosis kit (MBL, 
Nagoya, Japan) and MEBSTEfN apoptosis kit direct (MBL), respectively. 

RESULTS 

Isolation of Hypermethylated DNA Regions in the Genome 
from ATL Cells. To identify hypermethylated regions in the genome 
of ATL cells, we carried out MCA/RDA, which was used previously 
to isolate a number of methylated CpG islands in colon cancer cell 
line (28). MCA products were generated from the genomic DNA of a 
carrier (driver) and an acute ATL patient (tester). After the second 
round of RDA, the PCR products were subcloned, and their sequences 
were determined. To confirm that identified DNA fragments were 
amplified in tester amplicon, we examined whether isolated DNA 
fragment specifically hybridized to the tester amplicon using Southern 
blot method (MCA-Southern). Specific hybridization to the tester 
amplicon implied that isolated DNA regions were hypermethylated in 
ATL cells compared with peripheral blood mononuclear cell (PBMC) 
from a carrier. Finally, we identified 53 differentially hypermethyl- 
ated DNA fragments in ATL cells. The chromosomal locations of all 
of the fragments were analyzed by NCBI BLAST program. We tested 
whether these identified regions satisfied the criteria for CpG islands 
proposed by Takai and Jones (35). The results revealed that the 
majority of clones (48 of 53 clones) were located in CpG islands. 
Information of isolated sequences is described in Table 1 . 

Accumulation of Aberrant DNA Hypermethylation during Dis- 
ease Progression. Chronic ATL is characterized as an indolent form, 
which later progresses to aggressive forms {i.e., acute or lymphoma- 
type ATL). To confirm that DNA hypermethylation identified in this 
study is associated with disease progression, we analyzed the extent of 
DNA methylation of nine DNA regions at different stages by Com- 
bined Bisulfite Restriction Analysis. Fig. \A shows the profiles of the 
methylation status in these DNA fragments. In cell lines, CpG sites in 
identified DNA fragments were highly methylated, which was con- 
sistent with the finding of DNA methylation in the established cell 
lines. This confirmed that the isolated DNA regions were hyper- 
methylated in ATL cells and that MCA-Southern could identify the 
hypermethylated DNA regions. In the carrier state, most DNA frag- 
ments were unmethylated. On the other hand, they were frequently- 
methylated in chronic ATL, and the level of methylation increased in 
acute ATL, indicating that DNA methylation in the isolated DNA 
regions tends to accumulate according to disease progression. This 
was also confirmed in the sequential samples from a HTLV-I carrier, 
who developed acute ATL (Fig, 15). 

Identification of Genes near the Hypermethylated DNA Re- 
gions. To analyze the influence of identified DNA hypermethylation 
upon gene transcription, the neighboring genes were searched using 
NCBI BLAST program as described in Materials and Methods. We 
found that 31 of 53 (58%) clones were located within the exon or 
intron of the gene, and 41 of 53 (77%) loci were located within 10 kb 
from the transcriptional start site of the nearest gene (Table 1). 
Because the aberrant methylation of some identified genes, such as 
PAX5 (clone 10; ref. 36) and CSPG2 (clone 27; ref. 28), have been 
reported in various types of cancer cells, it confirmed that MCA/RDA 
method in this study isolated the hyperm ethyl ated DNA regions. 
Then, we analyzed the transcription of genes in which the transcrip- 
tional start sites existed within 2 kb from the identified hypermethy- 
lated DNA regions (Fig. 2). On the basis of their expression profiles, 
we could divide the genes identified into two groups; group I con- 
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Table 1 Characterization of DNA fragments isolated by MCA/RDA 


Clone 


Size (bp) 


Accession no. (location) 


Chromosomal location 


Nearest gene 


CpG Island 


Distance from TSS (bp) 


1 


733 


NT 007592.13 (19499884-19500616) 


6p2l.31 


No gene* 


Yes 




2 


511 


NT 006713.13 (6324465-6324975) 


5ql3.3 


OTP 


Yes 


2.600 


3 


377 


NT 025741.13 (5075242-5075619) 


6ql6.3 


S1MI 


Yes 


5,800 


4 


486 


NT_0796I7.I (40630-411 15) 


4pl6.l 


I [MX I 


Yes 


200 


5 


577 


NT 016354.16 (9912331-9912907) 


4q21 .3 


NKX6-1 


Yes 


700 


6 


418 


NT 009237. 16 (1 38591 03-1 3859520) 


1 Ipl5.2 


CALCB 


Yes 


50 


7 


673 


NT 01 1 109.15 (19265899- 19266571) 


I9ql3.33 


No gene 


Yes 




8 


746 


NT 022 1 84. 1 3 (23995750-23996496) 


2p21 


LOC3 75201 


Yes 


7,600 


9 


923 


NT 026437.10 (32654509-32655429) 


I4q22.l 


PTGDR 


Yes 


40 


10 


894 


NT 008413.16 (37015465-37016356) 


9pl3 


PAX5 


Yes 


8.100 


II 


533 


NT 030059.11 (38044642-38045174) 


I0q26.l 


EMX2 


Yes 


5,300 


12 


651 


NT 010505.14 (1424933-1425583) 


I6ql2.l 


CBLNI 


Yes 


680 


13 


568 


NTJW7592.I3 (1276022-1276589) 


6p24 


TFAP2A 


Yes 


2.500 


14 


725 


NT 008583.16 (25707371-25708095) 


10q22.3 


MGC2555 


Yes 


4,500 


IS 


591 


NT_079592.1 (49215607-49216197) 


7pl2.l 


LOC3 78069 


Yes 


190 


16 


424 


NT_023666. 16 (1 934093-1 9345 1 6) 


8p21.2 


No gene 


Yes 




17 


806 


NT 009237.16 (30583999-30584804) 


1 1 pi 3 


No %ene 


Yes 




18 


696 


NT 016354.16 (58568060-58568755) 


4q28.3 


PCDHI0 


Yes 


2,500 


19 


620 


NT 079596.1 (7038723-7039342) 


7q22 


LAMB! 


Yes 


720 


20 


937 


NT_007592. 13 (1 7472263-1 7473201 ) 


6p2 1 . 1 


No gene 


Yes 




21 


462 


NT008 1 83. 1 7 (7857852-78583 12) 


8ql 1.23 


KIAA 1889 


Yes 


290 


22 


487 


NT_008470. 16 (11911721-1191 2207) 


9q31 


KLF4 


Yes 


1.100 


23 


893 


NT 025741.13 (12657384-12658276) 


6q21 


NR2E1 


Yes 


690 


24 


750 


NT_079592. 1 (2372 1 242-2372 1 99 1 ) 


7pl5.l 


NPY 


Yes 


370 


25 


766 


NT_077451.3 (1864762-1865527) 


5qter 


ADAMTS2 


Yes 


1.800 


26 


607 


NT 004610.16 (1272547-1273153) 


Ip35 


PLA2G2F 


No 


2,600 


27 


404 


NT 0067 13.13 (121 60670- 12161 073) 


5q14.3 


CSPG2 


Yes 


960 


28 


521 


NT 023666.16 (922959-923479) 


8p21.2 


EGR3 


Yes 


1.700 


29 


895 


NT_029419.10 (19759986-19760882) 


I2ql3.2 


NXPH4 


No 


6,100 


30 


430 


NT 079593.1 (2760886-2761315) 


7ql 1 


No gene 


No 




31 


476 


NT_0 1 1 362.8 (4369966-437044 1 ) 


20ql2 


MAFB 


Yes 


350 


32 


878 


NT 033903.6 (11275620-11276497) 


1 lq!3.l 


RINI 


No 


550 


33 


732 


NT 009755.16 (3985255-3985983) 


12q24.32 


No gene 


Yes 




34 


795 


NT 026437.10 (16902942-16903736) 


I4ql3 


LOC2 53970 


Yes 


340 


35 


530 


NT 00467 1.15 (9240059-9240588) 


lq3l 


LHX9 


Yes 


920 


36 


724 


NT 005334.14 (10987626-10988353) 


2p24.1 


No gene 


Yes 




37 


943 


NT 009237.16 (31223373-31224306) 


1 lp!3 


WlT-1 


Yes 


40 


38 


587 


NT 077921.1 (573714-574300) 


Ip36.13 


PAX7 


Yes 


660 


39 


273 


BX649589.3 (5548-582 1 ) 


9q34.3 


AG S3 


Yes 


6,100 


40 


755 


NT_022 1 84. 1 3 (8050474-805 1 228) 


2p23.3 


No gene 


No 




41 


958 


NT 010783.14 (18185717-18186674) 


I7q22 


TBX4 


Yes 


200 


42 


871 


NT 005403.14 (27236075-27236942) 


2q31.1 


HOXD3 


Yes 


1 ,300 


43 


470 


NT_030O59. 11 (2 1 73 1 229-2 1 73 1 698) 


I0q24 


LBX1 


Yes 


5.500 


44 


406 


NT_008818.15 (769699-770104) 


I0q26.2 


LOC3 38623 


Yes 


230 


45 


565 


NT 023935.16 (8798224-8798788) 


9q21 


No gene 


Yes 




46 


526 


NT 0 1 0 1 94. 1 6 (474222 1 2^17422737) 


I5q23 


1SL2 


Yes 


2,700 


47 


445 


NT 029289.10 (9369340-9369784) 


5q32 


ADRB2 


Yes 


230 


48 


414 


NT 023133.11 (17468804-17469217) 


5q34 


NKX2-5 


Yes 


2,600 


49 


583 


NT 022792.16 (6841497-6842079) 


4q33 


No gene 


Yes 




50 


1096 


NT 026437.10 (18598721-18599816) 


I4ql3 


SSTRJ 


Yes 


1,500 


51 


608 


NT 077812.2 (1002922-1003529) 


I9pl3.3 


FU4606I 


Yes 


8,600 


52 


310 


NT 006713.13 (1986840-1987149) 


5ql3.3 


No gene 


Yes 




53 


465 


NT 011512.9 (8031349-8031813) 


2lq2l.l 


NCAM2 


Yes 


690 



Abbreviation: TSS, transcription start site. 

* "A'o gene'" means TSS of the nearest gene is more than 10 kb away from the isolated region. 



taincd genes with an expression that was observed in activated T 
lymphocytes but suppressed in HTLV- 1 -transformed and ATL cell 
lines (Fig. 2A). On the other hand, the transcription of genes in group 
II was not detected in activated T cells and HTLV-I-assoeiated cell 
lines whereas their expression was found in the brain and/or skeletal 
muscle (Fig. 2B). Group II genes were hypennethylated only in ATL 
cells but not in normal T lymphocytes. These results suggest that the 
suppressed expression of group I genes is implicated in leukemo- 
genesis. 

Relationship between Silencing of Neighboring Genes and DNA 
Methylation. We studied the detailed DNA methylation stanis in the 
promoter and isolated regions of KLF4 and EGR3 genes, which 
belong to group I. using the bisulfite sequencing method. The se- 
quences of each of the 10 clones are summarized in Fig. 3. In both 
ATL-43T and an acute ATL, the CpGs in the isolated region of KLF4 
gene, which existed in exon 3, were heavily methylated (Fig. IA) 
whereas there was little methylation in normal PBMCs. In the pre- 
dicted KLF4 promoter sequence, there was dense DNA methylation in 



ATL-43T and mild methylation in fresh ATL cells whereas the CpGs 
in normal PBMC were little methylated (Fig. ?>A). DNA methylation 
in the promoter region of KLF4 has been studied in primary cells with 
different stage of ATL to analyze the association with disease pro- 
gression (Fig. 3B). DNA methylation increased according to disease 
progression from carrier to leukemia although there was little differ- 
ence between chronic and acute ATL. In the case of the EGR3 gene, 
the isolated region, which was in exon 2, was hypermethylated in the 
ATL cell line and fresh ATL cells but hypomethylated in normal 
PBMC (Fig. 3C). Although the promoter region of EGR3 was hyper- 
methylated in the ATL cell line, it was not methylated in fresh ATL 
cells and normal PBMCs. 

Next, we analyzed whether the transcriptions of these silenced 
genes could be recovered by the demethylating agent, 5-aza-dC, 
and/or a histone deacetylase inhibitor, TSA in ATL cells. The com- 
bination of 5-aza-dC and TSA is known to induce a synergistic effect 
on DNA demethylation (37). As shown in Fig. 2C, the transcripts of 
KLF4 gene were re-expressed by 5-aza-dC alone or by combination 
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Fig. I. Frequencies of CpG methylation of the 
isolated DNA regions in ATL cell lines and clinical 
samples. Hie frequencies of CpG methylalion in 9 
of 53 isolated regions were determined using the 
Combined Bisulfite Restriction Analysis method. A, 
methylation status in normal PBMCs (N), four ATL 
cell lines (/, MT-1: 2, ATL-48T; 3, ATL-43T; 4, 
TL-Oml), and PBMCs from five asymptomatic 
HTLV-I carriers, five chronic ATL, and five acute 
ATL patients. Densities of methylation are repre- 
sented by runes of squares as presented, fl, serial 
changes of methylalion status in these regions in a 
case with progression from earner state to acute ATL. 
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treatment but not by TSA alone, suggesting that DNA methylation of 
KLF4 gene is associated with its silencing in ATL cells. On the other 
hand, the transcript of EGR3 gene was detected more clearly when 
ATL cells were treated with TSA alone or their combination than with 
5-aza-dC alone, indicating that the EGR3 gene was silenced by 
histone deacetylation rather than by DNA methylation. However, 
because demethylation by 5-aza-dC partially recovered EGR3 gene 
transcription, we consider that DNA methylation is associated in part 
with suppressed expression of EGR3 gene. In addition, the transcrip- 
tions of other group I genes, such as CSPG2, MAFB, and ADRB2, 
were also recovered by 5-aza-dC treatment. Because the transcription 
of ADAMTS2 and PTGDR could not be recovered by either 5-aza-dC 
or TSA, the silencing of these genes might be because of other 
mechanism(s). 

Enforced Expression of KLF4 or EGR3 Gene in ATL Cells. To 

investigate the function of KLF4 and EGR3 genes in ATL cells, 
adenovirus vectors expressing KLF4 (FCLF4-AD) or EGR3 (EGR3- 
AD), were transfected into ATL-43T, in which the transcription of 
both genes were completely suppressed. Transfection of KLF4- 
expressing adenovirus vector induced the transcription (Fig. 4A) and 
resulted in accumulation of apoptotic cells as demonstrated by An- 
nexin V-PI staining (Fig. 4B). The apoptosis was also confirmed by 
TUNEL assay (data not shown). The number of apoptotic cells 
reached maximum 48 hours later (30.1%, Fig. 4Q. This percentage 
was similar to that of X-gal-stained cells (49.0%) when lacZ-AD was 
transfected into ATL-43T. Taken together, these results suggest that 
KLF4 expression induced apoptosis in most transduced cells. 

Because the EGR3 gene is reported to be critical for Fas ligcuid 
(FasL) gene transcription (38), we studied whether enforced expres- 
sion ofEGR3 could induce apoptosis of ATL cells. After transfection, 



both EGR3 and FasL were transcribed 48 hours later (Fig. 5,4), which 
coincided with increased apoptotic cells in ATL-43T infected EGR3- 
AD, in contrast to control (Fig. SB and Q. Tn addition, increased 
apoptotic cells were also confirmed by TUNEL assay (data not 
shown). Thus, enforced expression of EGR3 was considered to result 
in Fas-Fas L-mediated apoptosis. To clarify whether this apoptosis is 
actually mediated by Fas signaling, we transfected vectors expressing 
mCasper L or E8. mCasper L is a mouse c-FLIP that inhibits the 
activation of procaspase 8 at the death-inducing signaling complex, 
whereas E8 is a viral FLIP derived from the equine herpes virus type 
2. Transfection of EGR3-AD did not increase apoptosis of ATL-43T 
cells that expressed mCasper L and E8 (Fig. 5 A and Q, confirming 
that EGR3-induccd apoptosis in ATL cell line is mediated by Fas- 
mediated signal. 

DISCUSSION 

In the present study, we identified hypermethylated DNA regions 
by MCA/RDA method. Consistent with the previous study (28), this 
method could identify hypermethylated CpG islands; 48 of 53 (91%) 
DNA clones identified in this study satisfied the criteria of CpG 
islands, and 41 of 53 (77%) DNA clones were located within 10 kb 
from the transcriptional start site of the nearest gene. Identified genes 
in the vicinity of isolated hypermethylated DNA regions could be 
divided into two groups; genes of group II are not expressed and not 
methylated in normal T lymphocytes, however, are hypermethylated 
in ATL cells. On the other hand, genes of group I are expressed but 
not methylated in normal T lymphocytes whereas their expression is 
suppressed in ATL cells in association with DNA methylation. It is 
possible that the mechanism of de novo methylation is dysregulated. 
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Fig. 2. Expression of genes in the vicinity of hypermethylated regions isolated by 
MCA/RDA. Expression of the genes near the isolated regions was studied by RT-PCR. 
Transcripts of the gfycerafdehyde-3-phosphafe dehydrogenase {GAPDH) gene were used 
as a control. Lane /, normal resting PBMC: Lane 2, normal activated T cell: Lane 3, ED; 
Lane 4 y ATL-43T; Lane 5, ATL-48T; Lane 6, ATL-55T; Lane 7, MT-I; Lane 8, MT-2; 
Lane 9, normal whole brain; Lane 10, normal skeletal muscle. A, group I. genes expressed 
in normal T cells but suppressed in HTLV- 1 -transformed and ATL cell lines. B, group II, 
genes not expressed in normal T cells and HTLV-[-associated cell lines. C, recovered 
expression of the group I genes after demeihylation, ATL-43T was treated with 5-aza-dC 
only, TSA only, or both. Using cDNAs obtained from the treated and untreated cells, 
expressions of KLF4 and EGR3 were analyzed by RT-PCR. Phytohemagglutinin blast (P) 
was used as a positive control. RT-PCR of GAPDH was also performed to provide a 
control for initial RNA amounts. 




resulting in aberrant methylation of genes despite their transcription as 
observed in group II genes. In this regard, Toyota et al. (28) isolated 
33 hypermethylated DNA sequences in a colon cancer cell line using 
the MCA/RDA method and named these clones MINT 1-33. Among 
DNA regions identified in this study, four clones were identical to 
MINT clones (Table I. clone 2, clone 15, clone 30 and clone 48). 
These findings indicate that such DNA regions in the genome are 
prone to be methylated in cancer cells, which is consistent with an 
earlier report (22), although the factors that determine such suscepti- 
bility to methylation remain unresolved. In addition to such DNA 
methylation observed among different types of cancer cells, there are 
hypermethylated genes specifically observed in ATL cells. Analysis 
of DNA methylation of such genes in non-ATL T-cell lines showed 
that they were also methylated (data not shown), suggesting that DNA 
methylation of such genes is T-cell specific. 

In addition to hypermethylation, we also reported hypomethylated 
genes in ATL cells, which included MEL IS, CACNA1H, and Nogo 
receptor genes as identified by the MCA/RDA method (30). Among 
them, the aberrant expression of A4EL1S was frequently observed in 
ATL cells and has been shown to confer resistance against transform- 
ing growth factor-/?. Thus, the MCA/RDA method indicates the 
involvement of both hyper- and hypomethylation in leukemogenesis 
of ATL although in a different manner. 

In the case of EGR3 gene, only the coding regions were methylated 
with little DNA methylation of the promoter region in fresh ATL cells 
although its expression was suppressed. TSA has more profound 
effect than 5-aza-dC, suggesting that histone modification, rather than 
DNA methylation, in the promoter region might silence the transcrip- 
tion of the EGR3 gene. However, because DNA methylation in the 
coding region was associated with such silencing, detection of DNA 
methylation in non-promoter regions is also capable of identifying 
such silenced genes as observed in the EGR3 gene. 

EGR3 is a transcriptional factor containing zinc finger domain as 
well as KLF4. It has been reported that enforced expression of EGR3 
gene resulted in expression of Fas L in HeLa cells (38), indicating that 
EGR3 is a critical transcriptional factor for FasL transcription. In 
agreement with these results, we also showed that expression of EGR3 
induced FasL transcription, resulting in apoptosis of ATL cells. Al- 
though ATL cells possess a phenotype of activated T cells and highly 
express Fas antigens on their surfaces, they do not produce FasL. On 
the other hand, normal T lymphocytes can express both Fas antigens 
and FasL after activation, and the number of activated T lymphocytes 
is regulated by Fas-FasL system-mediated apoptosis, which is desig- 
nated as activation-induced cell death (39). Activation-induced cell 
death controls the number of activated T lymphocytes, consequently 
suppressing the immune response. Suppression of EGR3 gene in ATL 
cells could account for lack of expression of FasL, which enables ATL 
cells to escape from activation-induced cell death. In the present 
study, we demonstrated that enforced expression of EGR3 gene- 
induced FasL expression and apoptosis. Thus, because both KLF4 and 
EGR3 are accelerators of ATL cell apoptosis, KLF4 and EGR3 genes 
are considered new tumor-suppressor gene candidates in ATL. 

KLF4 is a member of the Knippel-like factor family, which is 
highly expressed in epithelial tissues such as the gut and skin, espe- 
cially in the terminally differentiated cells (40, 41). Previous studies 
reported that KLF4 plays important roles in the regulation of Gj-S and 
G 2 -M cell cycle checkpoint in colon cancer cells and that these 
functions are likely to be p53-dependent (42-44). According to these 
findings, KLF4 is thought to be associated with tumorigenicity of 
colon cancer cells. However, there is no report regarding the func- 
tional role of KLF4 gene in lymphoid cells. Our study demonstrated 
that KLF4 expression induced apoptosis of ATL cells. Although the 
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mechanism of apoptosis needs additional study, its silencing by DNA 
methylation facilitates the survival of ATL cells. 

The present study showed that the densities of CpG methylation in 
identified DNA regions tend to increase with disease progression. 
Moreover, analysis of sequential samples from a patient who was 
followed from carrier state until the onset of acute ATL revealed that 
DNA methylation accumulated at the onset of ATL (Fig. lfi). These 
data indicate that serial analysis of the methylation status in identified 
hypermethylated regions might be a useful tool in the diagnosis and 
staging of ATL. 

HTLV-I-infected clones have been shown to persist over seven 
years in the same HTLV-T carrier (45). suggesting that HTLV-I- 
infected cells survive for a long time through the action of viral 
proteins. On the other hand, it has been reported that aging is closely 
related to alterations of DNA methylation. Progressive loss of 5-meth- 
ylcytosine content is observed in normal aging cells, primarily within 
DNA-repeated sequences. In contrast, some genes show progressive, 
age-related increases of DNA methylation, resulting in silencing their 
expressions (46). Taken together, the prolonged life span of HTLV- 
I-infected T cells might be a predisposing factor for aberrant DNA 
methylation. During the long latent period, it is possible that HTLV- 
I-infected cells that are adapted for survival are selected in vivo. In 
such evolution of infected cells, genetic and epigenetic changes are 
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Fig. 4. Induction of apoptosis of ATL-43T by enforced expression of KLF4. A, 
expression of KLF4 gene in ATL-43T transfected with lacZ-AD or KLF4-AD was studied 
by RT-PCR. 8, detection of apoptotic cells in ATL-43T by double staining with Annexin 
V-FITC and PI at day 2 of lacZ-AD and KLF4-AD infection. The percentage of cells in 
each quadrant is shown at the bottom of the panels. C, serial changes in the percentages 
of dead cells detected by Annexin V-PI double staining. O, ATL-43T infected with 
lacZ-AD; ATL-43T infected with KLF4-AD. Data are mean ± SE. 
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Fig. 5. Induction of FasL transcription and apoptosis of ATL-43T by enforced 
expression of EGRi. ,4, expressions of EGR3 and FasL genes in transfected cell lines were 
studied by RT-PCR. /?, detection of apoptotic cells in ATL-43T by double staining with 
Annexin V-FITC and PI at day 5 of lacZ-AD and EGR3-AD infection. The percentage of 
cells in each quadrant is shown at the bottom of the panels. C, serial changes in the 
percentages of dead cells detected by Annexin V-PI double staining. O, ATL-43T infected 
with lacZ-AD; ATL-43T infected with EGR3-AD; A. ATL-43T-mCas infected with 
F.GR3-AD; and A. ATL-43T-B8 infected with EG R 3- AD. Data are mean ± SE. 



thought to play critical roles by suppressing the transcription of genes 
with tumor suppressor functions or activating the expression of genes, 
which exerts positive effects on survival of tumor cells. 

In conclusion, we have demonstrated in the present study that the 
MCA/RDA method could identify the differentially methylated DNA 
regions and genes according to disease progression of ATL. Such 
identification of aberrantly methylated genes allows for the diagnosis 
and staging of ATL and clarifies the molecular mechanism of 
leukemogenesis. 
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A33 antigen is a membrane-bound protein that is 
expressed only in intestinal epithelium and in most human 
colon cancers. Thus, A33 antigen has been explored as a 
potential therapeutic target for the treatment of colon 
cancers. However, little is known about the mechanism 
responsible for the tissue-specific pattern of its expression. 
In this report, we demonstrate that gut-enriched Kruppel- 
like factor (GKLF) binds to the promoter region of A33 
antigen gene in colonic carcinoma cells and that mutations 
in the GKLF binding sequence in this region lead to 
diminished expression of A33 antigen. In addition, the 
expression of GKLF is linked to the expression of A33 
antigen and blocking the expression of GKLF leads to the 
abolishment of A33 antigen expression. These results 
suggest that GKLF is a critical regulator in inducing the 
expression of A33 antigen in intestinal epithelium. While 
it has been suggested that GKLF is a regulator in inducing 
cell growth arrest and differentiation of the intestine, our 
observation that A33 antigen gene is a downstream target 
for GKLF suggests a more complex and diverse role for 
GKLF in the gut. 

Oncogene (2003) 22, 4434^4443. doi:10.1038/sj.onc.l206508 
Keywords: A33 antigen; GKLF; gene regulation 



Introduction 

The A33 antigen is a membrane-bound glycoprotein 
(Catimel et al., 1996; Heath et aL, 1997). Like other 
trans-membrane proteins, A33 antigen possesses three 
distinct regions: an extracellular region containing two 
putative immunoglobulin-like domains, a hydrophobic 
trans-membrane region, and a highly polar intracellular 
region containing four consecutive cysteine residues. 
Based on its amino-acid sequence and genomic struc- 
ture, the A33 antigen is considered to be a member of a 
growing subfamily within the immunoglobulin super- 
family that includes the marker of cortical thymocytes in 
Xenopus (CTX) (Chretien et aL, 1996), its putative 
chicken ortholog ChTl (Katevuo et aL, 1999), mouse 
and human homologs of CTX (CTM/CTH) (Chretien 
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et aL, 1998), and the receptor for group B Coxsackie 
viruses and adenoviruses types 2 and 5 (CAR) (Bergel- 
son et aL, 1997, 1998; Tomko et aL, 1997). 

The biological function of A33 antigen is not yet 
understood. It has been suggested that the A33 antigen 
may be a novel cell surface receptor or cell adhesion 
molecule in the immunoglobulin superfamily (Heath 
et aL, 1997). Immunohistochemical studies of normal 
tissues identified the large and small intestinal mucosa as 
the principal site of A33 antigen expression (Sakamoto 
et aL, 2000). Tests in tumor samples demonstrated that 
only tumors of the gastrointestinal tract are consistently 
A33 antigen positive (Sakamoto et aL, 2000). 

The highly tissue-specific expression of A33 antigen 
presents a great opportunity for specific tumor targeting 
in patients with gastrointestinal cancer. Studies using 
nude mouse models with xenografts of the human 
colorectal carcinoma cell line SW1222 indicated that an 
A33 monoclonal antibody (mAb) was capable of 
inducing tumor regression (Antoniw et aL, 1996). In 
phase I and II trials, ,3, I- and 125 I-labeled murine 
A33 mAb were shown to have antitumor effects without 
bowel toxicity (Welt et aL, 1994, 1996). A genetically 
humanized mAb A33 has been generated and phase I 
trials have been undertaken (Welt et aL, 1996). How- 
ever, the mechanism responsible for the tissue-specific 
pattern of its expression is not yet understood. 

Gut-enriched Kruppel-like factor (GKLF) is a mem- 
ber of the Kruppel-like factor (KLF) family that 
function as zinc-finger-containing transcription factors. 
The expression of GKLF is enriched in epithelial cells of 
the gastrointestinal tract (Ton-That et aL, 1997; Behr 
and Kaestner, 2002) and the skin (Behr and Kaestner, 
2002) and in vascular endothelial cells (Yet et aL, 1998; 
McCormick et aL, 2001; Gray et aL, 2002; Nickenig 
et aL, 2002). Phylogenetically and structurally, KLFs are 
closely related to Spl and Krox transcription factors 
and they recognize very similar 'GT-box' or 'CACCC 
element' sites on DNA (Mahatan et aL, 1999; Black 
et aL, 2001). 

The biological functions of GKLF are not entirely 
clear. In vitro studies have suggested that GKLF plays 
an important role in cell proliferation and/or differ- 
entiation (Shie et aL, 2000b). However, gene ablation in 
mice leads to a specific deficiency in the barrier function 
of the skin, resulting in postnatal death. Further, the 
extent of normal development seen in its absence is 
interesting given the expression pattern and postulated 
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role of GKLF in the intestine and other endodermal 
tissues (Katz et aL, 2002). In addition, although a 
negative correlation is seen between GKLF level and 
growth in intestinal and prostatic carcinomas (Foster 
et aL, 2000), GKLF levels are upregulated during 
progression of human oral/pharyngeal and breast 
carcinomas (Foster et aL, 2000). 

Here we demonstrate that GKLF is a critical factor in 
contributing to the expression of A33 antigen in colonic 
carcinoma cells. Given the clinical observations that ,3l I- 
and 125 I-labeled murine A33mAb lead to the regression 
of colonic tumors, our results suggest that GKLF plays 
a more diverse role in the intestine than as a regulator in 
mediating cell growth arrest and differentiation. 

Results 
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we first cloned the 5'-flanking region of the A33 antigen 
gene by PCR using the library provided in the Genome 
Walker Kit (Clontech). An - 1 kb PCR product was 
obtained and sequenced in both directions using the 
automated ABI Prism 370 Sequencer. Analysis of this 
sequence indicated that it contains a canonical TATA 
box, two MRE (metal response element), as well as 
putative binding sites for C/EBP (CCAAT enhancer 
binding protein), GKLF, and CDX (caudal-related 
homeobox) (Figure la). Primer extension experiments 
with total RN A from LoVo cells produced a major band 
of about 248 bp (Figure lb), indicating that the 
transcription starting site is 10 nucleotides downstream 
of the TATA box (Figure lc). As a control, primer 
extensions using tRNA did not result in any bands (data 
not shown). 



Cloning and analysis of the 5' -flanking region of the 
human A33 gene 

In order to understand the molecular mechanisms 
involved in the regulation of A33 antigen expression, 



Identification of cis-elements involved in the regulation of 
A33 expression in gastrointestinal carcinoma cells 

To determine the transcription activation activity of the 
obtained DNA sequence, we next constructed EGFP 



a -940 TCATGTTCAC TTGGATTGGC GATGAGCAGA AAGTTTGATA 

-900 ACTGTGTCAT AAACACTTGG TAACTGTGTT AGTGAGTGTG TGGGGAGATA 
-850 GGTATCCTTA TATGCTGCTA ATAGGAGTGT AGGCTGTAAA ATTCTCATGG 
-800 TAGCTAG TTT AGGAATA TCT ATAAAAATTA CAAATATGCA TAACTTTCAG 
C/EBP 

-750 TGAGTCAGAA ATTTTACTTT TAAGAATTTA TCTTACATGT ATAATCACAA 
-700 CACGTGTGAA ATATCGTACA CATAATAGAT ATTGGTTGCA ATCTTTTCAT 
-650 AGTCGTGAAA GATGAGGAAA AACAATCTTA AAAGTAGTTT GGTTAAATAA 
-600 ATCATGTCAC TCATATACAG TGAAATATCA TCCCCATTTT AAAAAGATGA 
-550 TGGTGGTGGT GCTATACATA CCGATACAGA AAGCTTTCTA AAACCTTTCA 
-500 TTAAATGAAA AATGAATAAA TCATTGCAGA A CAGTGTATA TATATCTAAA 

C/EBP 

-450 ATATCTATGG AAGAAACCAG CAACAGCCAC TGCTCCTGGA GAATTATGGT 
-400 CCCACACCAG TGATCATTCT TTCAGTAGGT GACGATCATC CAAATTTGCT 
-350 TGGGACTGAG GGGGTTCCTT TTGGTTTGAA AACCAGGACA GTCCTAGGAA 
-300 AAGTGAGACA AGTTGGTCAC ATGTCCCCAA GATGATCTTC TTTCACTTAT 
-250 GAACTTGCTA CTTTCCCAGT CAGAATATAA AGTCTGAGGG. GGGAGACTTC 
-200 CTGTTTTCTT CATGACTATA TCTCTTGCGC AC TGTGGGGT GGAGGCTGTA 

MRE 

-ISO GAAGAGGAGA GAAGTAGAGA AACAGATCAC ATTGTGTCTT GAAGTGTTTC 
-100 AGCAAATATG GGC AACACCC TT CTTTTACT AGCTTGGAAC CCCACCTCTg 
GKLF CDX 

-50 &£XG£ATTTC CC TTTTTATT A TTTATTTCC TGTCAGTTAT AAGAGAGGGC 
MRE CDX 




Figure 1 Cloning and analysis of the 5 ; -flanking region of the human A33 antigen gene, (a) The sequence of the 5'-flanking region of 
the human A33 antigen gene. The numbers represent the position relative to the transcription starting site which is numbered as + 1. 
The putative regulatory elements are indicated by lines underneath the sequence, (b) The product of primer extension (lane P) and the 
sequencing of the product (G, A, T, and C). The analysis was done on 6% denaturing poiyacrylamide gels in parallel with a DNA 
marker (M) (0X174 DNA/Z/ih/I, Promega). (c) Map of the transcription starting site, which is numbered as + 1, of the human A33 
gene 
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reporter constructs with the ~ 1 kb fragment as well as 
with the fragments from -759 to +25, -518 to +25, 
- 1 89 to + 25, and - 1 04 to +25 of the cloned sequence 
by nested PCR reactions. Transient transfections were 
then carried out to map the m-elements involved in the 
regulation of A33 antigen gene expression. Cells from 
LoVo (colonic carcinoma cell line), BGC823 (gastric 
carcinoma cell line), and 293 (kidney carcinoma cell line) 
were grown in DMEM supplemented with 10% fetal 
bovine serum for 24 h and transfected with the A33 
antigen gene 5'-flanking region-driven EGFP reporter 
construct. Cells were then lysed and analysed for EGFP 
activity. In accordance with the tissue-specific pattern 
of expression of A33 antigen (Abud et aL, 2000; 
Sakamoto et aL, 2000), the A33 antigen promoter 
fragments were highly active in the human colon 
carcinoma cell line LoVo (Figure 2), somewhat active 
in BGC 823 cells, and not active in 293 cells. In addition, 
the EGFP activation was A33 antigen gene promoter- 
specific since the promoter-less vector showed low 
activation of EGFP expression. Serial deletion of the 
5 , -flanking region of the A33 antigen gene up to position 
— 104 did not affect the transcriptional activation of 
EGFP expression (Figure 2), suggesting that the cis- 
element(s) for regulating the expression of the A33 
antigen in colonic carcinoma cells resides in the region 
of -104 to +25. 

DNase I footprinting analysis of A33 5' -flanking region 

To identify the cw-elements within the -104 to +25 
region, DNase I footprinting analysis was performed 
using nuclear extracts from LoVo cells. As shown in 
Figure 3, two DNase I-protected regions, designated as 
sites A and B, were detected on both strands of this 
fragment by footprinting. Site A extends from -68 to 
-86 and covers the sequence 5'-ACACCCTTCTTT- 
TACTAG-3'. Analysis of this sequence identified a 
recognition site for GKLF. Site B spans from -40 to 



-19 and covers the sequence 5'-CCCTTTTTATTATT- 
TATTTCCT-3'. A CDX-binding sequence was identi- 
fied and the binding of CDX1 was demonstrated in this 
site in a recent report by Johnstone et al (2002). DNase 
I footprinting experiments were also done using nuclear 
extracts from 293 cells. In agreement with our finding of 
no transcription activation activity in transient tranfec- 
tion assays in 293 cells (Figure 2), the sequence from 
-104 to +25 was not protected by nuclear extracts 
from 293 cells (data not shown), suggesting that the 
transcription activity coincides with the binding of 
transcription factor in this region. 

Site-directed mutagenesis in sites A and B 

In order to confirm the functional significance of sites A 
and B to the promoter activity of the A33 antigen, site- 
directed mutagenesis was carried out to change nucleo- 
tides CC at positions —81 and -82 in site A to AG and 
to change nucleotides TAT at positions -28 to -30 in 
site B to CGA. Transient transaction experiments were 
performed to assess the effect of these mutations on the 
transcription activation activity of the -104 to +25 
fragment. As shown in Figure 4, mutation in either site 
A or site B resulted in a significant decrease in the 
promoter activity of this fragment, suggesting that both 
sites are essential for the transcription activation activity 
of this fragment. 

Identification of trans-acting factors 

Next, we performed electrophoretic mobility shift assays 
(EMSA) to determine the binding of protein factors in 
the fragment -104 to +25. Double-stranded synthetic 
oligonucleotides named probes A and B (see details 
under the Materials and methods) encompassing each of 
the two DNase I footprinted sites were used as probes 
and incubated with nuclear extracts from LoVo, 
BGC823, and 293 cells. As shown in Figure 5a (upper 
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Relative fluorescence activity 

Figure 2 Analysis of the transcriptional activity of the 5'-flanking regions of the human A33 antigen gene. Serial deletions of the 5'- 
flanking sequence of the human A 33 antigen gene were fused to the EGFP gene and transfected into LoVo, BGC823, or 293 cells. 
EGPF activity was measured according to the description in Materials and methods; the promoter-less vector pEGFP was used as a 
control. The numbers represent the positions relative to the transcription starting site of the A33 antigen gene. The results were 
normalized to /?-galactosidase activity and represent the mean + s.d. for three independent experiments 
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Figure 3 DNase I footprinting analysis of 12 P-labeled A33 antigen gene 5'-flanking fragment -104 to -1-25. Double-stranded 
fragments labeled with 32 P on the lower strand (left) and the upper strand (right) were digested with DNase I in the presence of 30 pig 
BSA (lane 2), 30 pig (lane 3) or 60 ^g (lane 4) of LoVo nuclear extracts, or 60 pig of 293 nuclear extracts (lane 5). Positions of protected 
regions are indicated as A and B. Lane 1 represents a Maxam-Gilbcrt sequencing reaction of the same fragment 
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Figure 4 Transcription activity of the A33 gene promoter -104 
fragment carrying mutations in either region A or region B in 
LoVo cells. pEGFP-104 constructs as well as constructs carrying 
mutations in cither region A (pEGFP-104AA) or region B 
(pEGFP-104AB) were transfected into LoVo cells and EGPF 
activity was measured according to the description in Materials and 
methods. The results are expressed as EGFP fluorescence/0- 
galactosidase activity and represent the mean + s.d. for three 
independent experiments 



panel), a DNA-protein complex was formed when 32 P- 
labeled probe A, which contains a GKLF binding site, 
was incubated with nuclear extracts from LoVo cells 
(Figure 5a, lane 2) or from BGC823 cells (Figure 5a, 
lane 5). Addition of a 50-fold molar excess of unlabeled 
probe A oligonucleotide was able to abrogate the 
binding of protein factors from the nuclear extracts of 
both cell lines (Figure 5a, lanes 3 and 6), whereas an 
unrelated oligonucleotide did not have such an effect 
(Figure 5a, lanes 4 and 7). Consistent with the transient 
transfection data and data from DNase I footprinting, 
no protein binding was observed when probe A was 
incubated with 293 cell nuclear extracts (Figure 5a, 
lane 8). Collectively, these data indicate that the 
formation of the DNA-protein complex is sequence- 
specific and is related to the tissue-specific activity of the 
sequence from which the probe was derived. EMSA 
experiments with probe B from site B show a DNA- 
protein complex with nuclear extracts from all LoVo, 
BGC823, and 293 cells (Figure 5a, lower panel), albeit 
the complex was weaker with nuclear extracts from 293 
cells (Figure 5a, lower panel, lane 8) compared with that 
from LoVo (Figure 5a, lower panel, lane 2) and from 
BGC8323 (Figure 5a, lower panel, lane 5). Addition of a 
50-fold molar excess of unlabeled probe B eliminated the 
formation of the complex in both LoVo (Figure 5a, 
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Figure 5 DNA-protein interactions in the two DNase I -protected 
regions, (a) Electrophoretic mobility shift assays were performed 
using radiolabeled oligonucleotides containing either the foot- 
printed site A (probe A, upper panel) or site B (probe B) and cell 
nuclear extracts. A total of 1 ng of radiolabeled oligonucleotides 
and 10 /ig of nuclear extracts from LoVo, BGC823, or 293 cells 
were used in each reaction. Lane 1 contains the free probe only; 
lanes 2, 5, and 8 contain labeled probe and nuclear extracts; lanes 3, 
6, and 9 contain labeled probe, nuclear extract, and unlabeled 
probe; lane 4, 7, and 10 contain labeled probe, nuclear extracts, and 
an unrelated DNA fragment, (b) Supershift assays were performed 
with nuclear extracts from LoVo cells and the oligonucleotide 
probe containing GKLF binding site in the absence (lane 1) or the 
presence of GKLF antibody (lane 2). The arrows indicate the free 
probes 



lower panel, lane 3) and BGC823 cells (Figure 5a, lower 
panel, lane 6), whereas no such effect was observed with 
a nonspecific DNA sequence (Figure 5a, lower panel, 
lanes 4 and 7). 
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Figure 6 Expression of GKLF and A33 antigen in various cells, 
(a) The expression of GKLF rnRNA in LoVo cells (lane 1), 293 
cells (lane 2), BGC823 cells (lane 3), and HeLa cells (lane 4) was 
measured by Northern blotting. 0-Actin rnRNA expression was 
used as the control, (b) The expression of A33 antigen rnRNA in 
LoVo cells (lane 1), 293 cells (lane 2), BGC823 cells (lane 3), and 
HeLa cells (lane 4) was measured by RT-PCR experiments. 
GAPDH rnRNA expression was used as the control 



To identify the protein factor(s) bound to probe A, a 
super-shift experiment was performed. Based on the 
presence of a putative GKLF binding site in this 
sequence, anti-GKLF antibodies were incubated with 
LoVo cell nuclear extracts followed by the addition of 
labeled probe A. As shown in Figure 5b, addition of the 
GKLF antibody caused a super-shift of the DNA- 
protein complex (Figure 5b, lane 2), indicating that the 
probe contains a GKLF binding site. The probe B 
contains a CDX-binding sequence and was demon- 
strated to be able to interact with CDX1 in a recent 
report by Johnstone et al. (2002). 

Regulation of A33 expression by GKLF 

To test the hypothesis that GKLF might contribute to 
the tissue-specific expression of the A33 antigen, we first 
examined the expression of GKLF and A33 antigen in 
LoVo, BGC823, and 293 cells by Northern blotting and 
RT-PCR. As shown in Figure 6a, the GKLF rnRNA 
expression was high in LoVo cells, low in BGC823 cells, 
and undetectable in 293 cells. Interestingly, a similar 
pattern of expression was also observed for A33 antigen 
(Figure 6b). These data agree well with the data 
observed in the reporter experiments described in 
Figure 2, in fingerprinting experiments described in 



Figure 7 Sufficiency of GKLF expression in the activation of A33 antigen gene promoter, (a) 293 cells were transfected with pEGFP-104 alone 
(lane 3) or cotransfected with pcDNA3. 1 empty vector (lane 2) or with GKLF expression vector, pcDNA3. 1-GKLF (lane 1), and the EGFP activity 
was recorded by photomicrographs, (b) LoVo cells were transfected with pEGFP-104 alone or cotransfected with pcDNA3.1 or with pcDNA3.1- 
AS-GKLF, and the fluorescence was monitored by photomicrographs (upper panel). GKLF expression was measured by Western blotting (middle 
panel) in transfections with pEGFP-104 alone (C), cotransfection of pEGFP-104 with pcDNA3.1 (V), or cotransfection of pEGFP-104 with 
pcDNA3.1-AS-GKLF (AS). A /?-galactosidase expression construct was also cotransfected and the /?-galactosidase expression was measured by 
Western blotting to show a similar transfection efficiency in all experiments including transfections with /?-galactosidase expression construct alone 
(lane 1 ), transfection with pEGFP- 1 04 alone (lane 2), cotransfection of pEGFP- 1 04 with pcDN A3. 1 (lane 3), or cotransfection of pEGFP- 1 04 with 
pcDNA3.1-AS-GKLF (lane 4). (c) LoVo cells were transfected with pEGFP-104 alone or cotransfected wilh pcDNA3.1 or with pcDNA3.1-AS- 
GK.LF and the fluorescence activity was measured according to the procedures described in Materials and methods 
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Figure 3, and in EMSA experiments described in 
Figure 5, suggesting an important role for GKLF in 
regulating the expression of the A33 antigen. 

In order to further establish the contribution of 
GKLF to the regulation of A33 antigen expression, we 
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first ectopically expressed GKLF in 293 cells and 
assayed the effect of the GKLF expression on the 
promoter activity of the A33 antigen gene in these cells. 
The expression of GKLF in 293 cells was undetectable 
(Figure 7a, lower panel, lane 3; also see Figure 6a, lane 
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2), so was A33 antigen expression (Figure 6b, lane 2) 
and A33 antigen gene promoter activation (Figure 2). 
After transfection of 293 cells with a GKLF expression 
vector which led to the expression of GKLF (Figure 7a, 
lower panel, lane 1), however, the A33 antigen gene 
promoter was activated (Figure 7a, upper panel). Next, 
we utilized an antisense approach to inhibit the 
expression of GKLF in LoVo cells and the transcription 
activation activity of the A33 antigen gene promoter was 
assessed by transient transfection experiments. As 
shown in Figure 7b and c, after inhibition of the GKLF 
expression by its antisense (AS) (Figure 7b, middle 
panel), the activity of A33 antigen gene promoter was 
effectively inhibited only in LoVo cells (Figure 7b, upper 
panel, and Figure 7c). The effects on the A33 antigen 
promoter were not because of the transfection efficiency 
as the expression levels of a co-transfected Lac Z 
construct in all the experiments were similar (Figure 7b, 
lower panel). Collectively, these data indicate that GKLF 
is an essential transcription factor that contributes to the 
tissue-specific expression of the A33 antigen. 



Discussion 

A33 antigen is a highly tissue-specific gene with 
expression found primarily in gastrointestinal epithelia. 
Although A33 antigen is being investigated as a 
potential target for immunotherapy of colon cancer 
(Welt et al, 1994, 1996; King et al, 1995; Antoniw et al, 
1996; Barendswaard et al, 2001), a basic understanding 
of the mechanisms underlying its tightly regulated 
tissue-specific expression is lacking. Such knowledge is 
likely to shed light on the biological functions of A33 
antigen and thus its roles in colon cancer carcinogenesis. 
In this paper, we report on the cloning and character- 
ization of the 5'-flanking region of the human A33 
antigen gene. The sequence of the 5'-flanking region of 
the human A33 gene contains a typical TATA box. The 
major start site for transcription was determined to be 
10 nucleotides downstream of the TATA sequence, 
which is consistent with the recent finding by Johnstone 
et al (2002). However, the transcription of the A33 
antigen gene might not be TATA-dependent as sug- 
gested by Johnstone et al (2002), since most of TATA 
boxes are located 25-30 bp upstream of the initiation of 
transcription. Functional analysis by transient transfec- 
tions showed that the promoter for human A33 antigen 
gene is most active in intestinal cells, less active in gastric 
cells, and not active in 293 cells, which is consistent with 
the expression pattern of the A33 gene in these cells. 
Serial deletion analysis revealed that the proximal region 
of the promoter (positions -104 to +25) was sufficient 
to generate maximal activity of the promoter in LoVo 
cells. Two protected sites in the proximal promoter 
region were subsequently identified by using the DNase 
I footprinting assay. Both sites are required for 
promoter activity since mutations in either site led to a 
significant decrease in promoter activity. Electrophore- 
tic mobility shift assays identified one site, site A, which 



is bound by transcription factor GKLF, and the other 
site, site B, as recently reported by Johnstone et al 
(2002) to harbor a CDX-binding site. The biological 
connection between GKLF binding in the A33 antigen 
gene promoter and the expression of A33 antigen is 
evident as blocking the expression of GKLF in GKLF- 
positive LoVo cells abolished the expression of the A33 
antigen. Collectively, these data indicate that GKLF 
contributes to the tissue-specific expression of A33 
antigen. It will be interesting in the future investigation 
to explore the relation between GKLF and CDX1 
transcription factors in the regulation of the A33 antigen 
expression as CDX1 was also identified as a critical 
factor in contributing to the tissue-specific expression of 
the A33 antigen. It could be that both GKLF and 
CDX1 are necessary but not sufficient in regulating the 
tissue-specific expression of the A33 antigen, and it is 
intriguing to speculate that there is another yet 
unidentified protein factor or protein factors that serve 
as a coactivator(s) in coordinating the transcription 
activation of the A33 antigen gene. 

GKLF is a Knippel-type zinc-finger transcription 
factor (Shields et al, 1996; Yet et al, 1998; Mahatan 
et al, 1999; Katz et al, 2002). Expression of GKLF is 
enriched in epithelial cells of the gastrointestinal tract 
(Ton-That et al, 1997; Behr and Kaestner, 2002) and 
the skin (Ton-That et al, 1997) and in vascular 
endothelial cells (Yet et al, 1998; McCormick et al, 
2001; Gray et al, 2002). GKLF has been investigated 
with respect to its role in cellular differentiation, initially 
within the gastrointestinal tract and in the epidermis 
where GKLF is critical for late-stage differentiation of 
skin cells (Ohnishi et al, 2000; Behr and Kaestner, 
2002). GKLF has been shown to contain a transcription 
activation domain as well as a transcription repression 
domain (Yet et al, 1998; Zhang et al, 1998, 2000; Shie 
et al, 2000a; Chen et al, 2002). It was observed that the 
p21 promoter contains CACCC elements, and GKLF 
was shown to bind and directly transactivate the p21 
promoter via these sites (Zhang et al, 2000). The 
induction of p21 was dependent on p53 and thus also 
occurred after DNA damage with methyl methanesul- 
fonate. In addition, GKLF physically interacts with p53 
(Zhang et al, 2000). The resultant synergistic induction 
by p53 and GKLF of p21 then leads to its inhibition of 
cyclin-dependent kinases and subsequent growth arrest. 
In keratinocytes, GKLF activates the keratin 4 promo- 
ter and may be implicated in the transition toward cell 
differentiation (Jenkins et al, 1998; Okano et al, 2000). 
GKLF has also been shown to upregulate the expression 
of keratin 19 (Brembeck and Rustgi, 2000) and laminin 
a3A (Miller et al, 2001). On the other hand, GKLF has 
also been found to inhibit gene transcription by 
competing for the binding site with Spl (Zhang et al, 
1998; Shie et al, 2000a) or by interacting with/ 
sequestering p300/CBP (Geiman et al, 2000). It was 
also shown that the minimal cyclin Dl promoter 
contains multiple CACCC elements that bind GKLF 
in vitro and that GKLF binding results in in vivo 
repression of the promoter, an effect not seen after 
transfection of Spl. Together, these data argue that 
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GKLF plays a critical role in the decision between 
proliferation and cell cycle arrest/differentiation and 
they suggest that GKLF is a pleiotropic (activating and 
repressive) transcription factor. Our studies demon- 
strated that GKLF upregulates the expression of A3 3 
antigen in colonic carcinoma cells. Although the 
biological functions of the A33 antigen is currently not 
understood, targeting A33 antigen by its antibody led to 
the growth inhibition of colon carcinomas, suggesting 
that A33 antigen is involved in cell growth and 
proliferation (Welt et al, 1994, 1996; Antoniw et al., 
1996). Hence our results showing that A33 is a down- 
stream target of GKLF suggest that GKLF plays more 
complex and diverse roles in the intestine. 



Materials and methods 

Cell lines and reagents 

All chemicals were from Sigma (St Louis, MO, USA) unless 
otherwise noted. The human cell lines LoVo, BGC823, and 
293 were from ATCC (Manassas, VA, USA). Dulbecco's 
modified Eagle's medium (DMEM), fetal bovine serum, and 
the TOP02.1 T/A cloning vector were from Invitrogen 
(Carlsbad, CA, USA). All restriction enzymes were either 
from New England Biolab (Beverly, MA, USA) or Promega 
(Madison, WI, USA). 

Cloning of the 5 f -flanking region of human A33 antigen gene 

The S'-flanking region of the human A33 gene was cloned 
using a Genome Walker Kit from Clontech (Palo Alto, CA, 
USA) according to the manufacturer's instructions. PCR 
primer sequences used for cloning were: forward, 5'-AC- 
CTCCCCTGCCTTCTCCCTACTTA-3', and reverse, 5'- 
TCCTAGACTGCTCACAAAGGGGTA-3'. An - 1 kb band 
from the PCR reaction was extracted and purified with 
QIAquick Gel Extraction kit (Qiagen, Valencia, CA, USA) 
and cloned into the TOP02.1 T/A cloning vector. The cloned 
product was sequenced in both directions using the automated 
ABI Prism 370 Sequencer. 

Primer extension analysis 

Primer extension analyses were done with GeneRacer™ Kit 
(Invitrogen) according to the manufacturer's instructions. 
Briefly, an 18-base oligonucleotide complementary to the 
position of —97 to —1 14 bp relative to the translation starting 
site of the human A33 gene was end-labeled with y 32 P[ATP] 
using T4 polynucleotide kinase. A quantity of lOO^g of total 
RNA from human LoVo cells isolated with the RNeasy Mini 
kit (Qiagen) was annealed to I0 6 c.p.m. of the primer and 
extended with 200 U of Superscript II reverse transcriptase. 
The resultant products were analysed on 7 m urea, 6% 
polyacrylamide gels in parallel with a DNA marker. 



Construction of reporter genes driven by the 5 f -flanking region 
of A3 3 antigens 

DNA fragments representing different lengths of the A33 
antigen gene 5'-flanking region were cloned upstream of the 
EGFP coding sequence in the pEGFP-1 vector (Clontech). The 
resultant plasmid is designated as pA33-EGFP. 
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Transient transfection 

Human cell lines LoVo, BGC823, and 293 were cultured in 
DMEM supplemented with 10% fetal bovine serum for 24 h 
before being transfected with A33 antigen gene 5'-flanking 
region-driven EGFP reporter gene or the promoter-less 
pEGFP-1 vector plus a LacZ construct (pCMV/?; Clontech) 
using Effectene Transfection Reagent (Qiagen). At 48 h after 
transfection, cells were harvested and lysed in 1 ml of reporter 
lysis buffer and EGFP activity was measured by photomicro- 
graphs. The fluorescence activity was normalized to /?- 
galactosidase activity which was measured using the (1- 
galactosidase Enzyme Assay System provided by Promega. 

DNase I footprinting 

Nuclear extracts were prepared by collecting cells in cold 
buffer A (10mM HEPES, pH 7.9, 1.5 mM MgCl 2 , 10mM KC1, 
0.5 mM dithiothreitol, and 0.2 mM phenylmethylsulfonyl fluor- 
ide) and incubating on ice for lOmin. Cells were then frozen 
and thawed once and vortexed briefly. Nuclei were pelleted by 
brief centrifugation and resuspended in cold buffer C (20 mM 
HEPES, pH 7.9, 25% glycerol, 420 mM NaCl, 1.5 mM MgCl 2 , 
0.2 mM EDTA, 0.5 mM dithiothreitol, and 0.2 mM phenyl- 
methylsulfonyl fluoride) followed by incubation on ice for 
30min. The samples were then briefly centrifuged to remove 
debris and the supernatant was collected and stored at -80°C 
DNase I footprinting experiments were performed with a 
fragment corresponding to -140 to +25 of the A33 gene 
transcription starting site. This fragment was labeled with 
<x 32 p[dATP] and incubated with nuclear extracts at room 
temperature for 30min in a reaction mixture containing 4% 
glycerol, 10 mM Tris-HCl, pH 7.5, 50 mM NaCl, 2.5 mM MgCl 2 , 
0.5 mM dithiothreitol, and 2jug poly(dI:dC). After incubation, 
2 U of DNase I was added and incubation was continued for 
exactly 1 min. Footprinting was done using a SureTrack 
Footprinting Kit from Amersham Biosciences (Piscataway, 
NJ, USA) according to the manufacturer's instructions. The 
samples were analysed on a 6% acrylamide/7 m urea denatur- 
ing gel. 

Site-directed mutagenesis 

Substitution mutations for nucleotides at positions -81 and 
-82 (CC-+AG) and at positions -28, -29, and -30 
(TAT-^CGA) of the 5'-fianking region of A33 gene were 
generated using the QuikChange Mutagenesis Kit (Stratagene, 
La Jolla, CA, USA) according to the manufacturer's instruc- 
tions. Synthetic oligonucleotides containing the desired bases 
were used in the mutagenesis and the sequences of these 
oligonucleotides were (CC-»AG mutation: 5'-GCAAAT 
ATGGGCAACAAGCTTCTTTTACTAGCTTGG-3' and 
TAT-CGA mutation: 5^GCATTTCCCTTTTTAT CGAT - 
TATTTCCTGTCAGTTA-3'). DNAs that incorporated the 
desired mutations were transformed into Epicurian Coli XL1- 
blue supercompetent cells. Plasmid DNAs were prepared and 
the presence of the mutations was confirmed by sequencing. 

Electrophoretic mobility shift assays 

y 32 P end-labeled double-strand oligonucleotide (0.25 pmol) was 
mixed with 10/xg of nuclear extract in a final volume of 20 ^xl 
containing 10 mM Tris-HCl, pH 7.5, 100mM NaCl, 3mM 
MgCl 2 , 0.5 mM EDTA, 1 mM dithiothreitol, 5% glycerol, 2/ig 
of poly(dI:dC), 4mM spermidine, and 1 pg of bovine serum 
albumin. Samples were incubated at 30°C for 30 min. The 
reaction was conducted in the absence or presence of specific 
or nonspecific competitors, both added at a 50-fold molar 
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excess. Specific competitors were cold probes and nonspecific 
competitors were an unrelated oligonucleotide. The DNA- 
protein complexes were analysed by electrophoresis on 6% 
nondenaturing polyacrylamide gels. The sequences of the 
oligonucleotides were as follows: probe A: 5'-GCAA- 
CACCCTTCTTTTACTAGC-3', corresponding to the -86 
to -68 and probe B: 5'-CCCTTTTTATTATTTATTTCCT-3', 
corresponding to -40 to -19 region of the A33 antigen gene 
5'-flanking region. For supershift assays, nuclear extracts and 
rabbit polyclonal anti-GKLF antibodies (Santa Cruz Bio- 
technologies, Santa Cruz, CA, USA) were incubated for 
30 min on ice prior to the addition of the radiolabeled probe. 

Northern blot analysis and RT-PCR 

Total RNA was isolated from cells using an RNeasy total 
RNA kit (Qiagen). DNA fragments from GKLF cDNA and 
/i-actin cDNA were labeled with a 32 P[dCTP] using a random- 
priming kit (Promega). A quantity of 30 /ig of total RNA from 
each sample was electrophoresed on 1% agrose/2.2M for- 
maldehyde gels. The RNA was then transferred to nylon 
membranes and crosslinked by UV exposure. Blots were 
hybridized using Expresshyb™ Hybridization solution (Clon- 
tech) and autoradiographed. 

RT-PCR was performed by using a Qiagen OneStep RT- 
PCR Kit (Qiagen). Briefly, 1 //g of total RNA was subjected to 
reverse transcription at 50°C for 30 min. Reactions were 
stopped by heating at 95°C for 15 min. PCR products were 
analysed using 1 .2% agarose gel electrophoresis and visualized 
with ethidium bromide staining. The forward primer was 5'- 
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GCTTCGCAGGGAAAGA-3' from exon 2 of the A33 
antigen gene and the reverse primer was 5'-CGATGCCCA- 
CATACAGG-3' from exon 6. GAPDH amplification was 
performed as an internal control. The primers for GAPDH 
amplification were: forward, 5'-ACCACAGTCCATGCCAT- 
CAC-3' and reverse, 5 , -TCCACCACCCTGTTGCTGTA-3 / . 



Generation of the GKLF sense and anti-sense expression 
constructs 

Full-length cDNA of human GKLF was obtained by RT- 
PCR and cloned into pcRH-Topo vector (Invitrogen). The 
sequence of the GKLF cDNA was then confirmed and 
subcloned in right orientation (for sense construct) or reverse 
orientation (for antisense construct) into pcDNA3.1(-f) 
vector (Invitrogen). The sequence of the inserts was confirmed 
by sequencing. 
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Two Cytodififerentiation Agent-induced Pathways, Differentiation and Apoptosis, 
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ABSTRACT 

Many transformed cells have been found to lose the capacity to prolif- 
trgo differentiation following exposure to hybrid polar 
This study investigates the mechanism by which hexamethylene 
i (HMBA) suppresses the proliferation of the human bladder 
t line, T24. We found that following a 24-ta exposure to HMBA, 
T24 proliferation was inhibited, and cells arrested in G, phase and un- 
derwent morphological maturation. HMBA-induced cessation of prolifer- 
ation was mediated, in part, by effects on cell cycle regulatory proteins. In 
T24 cells cultured without HMBA, E2F complexes predominantly with 
pl07. In culture with inducer, p!07 protein decreased, pRB and pl30 were 
converted to underphosphorylated forms, and E2F was shifted into com- 
plexes with pRB and pl30. To determine whether the formation of pRB: 
E2F and pl30:E2F complexes was required for the HMBA-induced G, 
arrest, the ability of the pocket proteins to bind E2F was blocked by 
enforced expression of human papillomavirus 16 E7. Following culture 
with HMBA , the T24 clones expressing E7 died, whereas vector-alone T24 
clones arrested in G, phase. T24/E7-1 cells did not form pRB:E2F or 
pl30:E2F complexes upon culture with HMBA; rather, E2F was present 
in its free form. T24/E7-1 cells cultured with HMBA initially accumulate 
in G|. By day 2, they have entered Into S phase, and by day 3, over 80% 
of the cells became apoptotk. Taken together, these studies enlarge the 
repertoire of demonstrated developmental pathways that may be trig- 
gered in transformed cells, depending upon their molecular status, and 
may provide potential therapeutic opportunities for cancer. 



INTRODUCTION 

As a part of their disordered development, transformed cells have 
escaped from the controls exercised by normal cell cycle regulatory 
signals, but they have not necessarily lost the ability to cease division, 
given appropriate signals. A variety of transformed cells (including 
both hematopoietic malignancies and solid tumors) can be induced to 
enter terminal cell differentiation accompanied by loss of the capacity 
to proliferate when cultured with hybrid polar differentiation agents 
(1). Hybrid polar cytodifferentiation agents comprise a group of small 
molecular weight compounds of which the prototype is HMBA 3 (2). 
The demonstration that a wide variety of cell types are affected by the 
hybrid polar differentiation agents suggested that a common basic 
cellular mechanism mediates drug-induced differentiation. Potential 
intracellular mediators for the action of these agents include proteins 
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that control cell cycle progression and differentiation, such as the 
retinoblastoma protein (pRB; Refs. 3-5), and the related proteins pi 07 
(6) and pl30 (7-9). pRB, pl07, and pl30 are members of the pocket 
protein family based on the shared domain that binds to the E2F 
family of transcription factors (10-12). The E2F transcription factor 
is a heterodimer of an E2F protein and a DP protein (13-16). Five E2F 
genes (10-12, 17-21) and two DP genes (22, 23) have been charac- 
terized. The binding of pRB, pl07, and pl30 to E2F results in the 
repression of transcription of E2F target genes (24-30), including 
genes that encode proteins involved in the control of cell cycle 
progression and DNA synthesis, such as E2F-1 itself, cyclin E, dihy- 
drofolate reductase, and DNA polymerase a (31-35). Hypophospho- 
rylated forms of pRB, present during G„ bind to E2F (36-39). 
Phosphorylation of pRB as cells progress through G, is carried out by 
one or more of the cell cycle-dependent kinases, cyclin D/cdk4, cyclin 
D/cdk6, cyclin E/cdk2, or cyclin A/cdk2 (40-44). Phosphorylation of 
pRB releases E2F, resulting in increased expression of genes required 
for entry into S phase. E2F also forms complexes with pi 30 and pi 07 
in a cell cycle-specific manner (8, 9, 45-48). The predominant E2F 
complex in quiescent cells is pl30:E2F, whereas pl07:E2F is detected 
in cells as they enter S phase. Exit from the cell cycle upon induction 
of differentiation is associated with a switch from E2F complexes 
containing pi 07 to complexes containing pRB and pi 30 in myoblasts 
(49, 50), pheochromocytoma cells (51), and HL-60 cells (52). The 
role of this shift of E2F from pi 07 to p 130 and pRB is not understood; 
however, it appears to be essential to achieve terminal differentiation 
in myoblasts. For example, Schneider et al. (53) found that although 
pi 07 can substitute for pRB as cofactor for muscle differentiation, 
p!07 cannot maintain the terminally differentiated state in RB-/- 
myotubes. 

In this study, we investigate the role of E2F complexes in the 
response of the bladder transitional cell carcinoma cell line T24 to 
culture with HMBA. We found that T24 cells arrest in G, phase 
during culture with HMBA and undergo phenotypic maturation. Dur- 
ing induction, the growth-suppressive forms of pRB and pi 30 proteins 
accumulated, whereas the level of pi 07 protein decreased. By 24 h of 
culture with HMBA, pRB and pi 30 were found to be in complexes 
with E2F. To determine whether these pocket protein:E2F complexes 
play a role in inducer-mediated inhibition of cell proliferation, the E7 
oncoprotein from HPV-16 was used to inhibit pocket protein binding 
to E2F. It is established that the E7 oncoprotein from HPV-16 alters 
cellular growth and differentiation through its ability to bind to and 
inactivate pRB, p!07, and pl30 (54-56). In HMBA-induced T24, 
expression of HPV-16 E7 protein blocked the formation of pocket 
protein:E2F complexes and resulted in cell death by apoptosis rather 
than the G, arrest and morphological differentiation observed in 
parental cells exposed to HMBA. The present study indicates that the 
pocket protein:E2F complexes may be critical mediators of the 
HMBA-mediated signals, which lead to induction of differentiation, 
whereas exposure to HMBA under conditions in which these E2F 
complexes cannot form leads to apoptosis rather than differentiation 
of transformed bladder cells. 
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MATERIALS AND METHODS 

Cell Culture and Transfection. T24 bladder transitional carcinoma cells 
were obtained from American Type Culture Collection (Rockville, MD) and 
maintained in a-MEM containing 10% FCS (HyClone). Cell cultures were 
initiated at 10 5 cells/plate. HMBA (Sigma; Ref. 2) was added 18 to 24 h after 
initiation of culture. Cells were harvested using trypsin (0.05% in 0.02% 
EDTA). Cell density was determined using an Epics Coulter counter. Viability 
was determined by trypan blue exclusion. Cells were routinely maintained by 
subculturing two times/week. The calcium phosphate precipitation technique 
(57) was used to introduce the CMV-HPV-16E7 expression vector (generously 
provided by Debra DeFeo Jones; Merck) into T24 cells. G-418-resistant clones 
were isolated and analyzed for expression of E7 mRNA. 

Cell Cycle Analysis. Cells were pulse labeled with BrdUrd for 1 h as 
described in the Cell Proliferation kit (Amersham Corp.). Cells were harvested 
and washed two times with PBS/1% BSA. Cells were resuspended in normal 
saline (0.9% NaCl) and fixed in 70% ethanol for 30 min. followed by a 30-min 
incubation in 2 n HC1/0.05% Triton X-100 and neutralization with 0.1 M 
Na2B 4 0 7 . Cells were resuspended in 0.5% Tween 20/1% BSA. and BrdUrd 
incorporation was detected by the addition of anti-BrdUrd-FiTC conjugated 
secondary antibody (Becton Dickinson). Samples were washed two times with 
PBS/1% BSA and resuspended in propidium iodide (50 jig/ml in 5 mM MgCl 2 , 
10 mM Tris-HCI, pH 7.0). Flow cytometric analysis of DNA content (staining 
with propidium iodide) and DNA synthesis (staining with FITC-conjugated 
antibody to BrdUrd) were determined. Cells were analyzed on a FACScan II 
followed by data analysis using CELLQuest (Becton Dickinson). 

Immunocytochemistry. Immunocytochemical studies were performed fol- 
lowing standard avidin-biotin-peroxidase techniques (58). Cells were cultured 
on glass slide chambers. At the times indicated for each experiment, slides 
were fixed for 10 min in acetonermethanol (1:1). Slides were sequentially 
washed in PBS, quenched in hydrogen peroxide, and blocked with avidin- 
biotin and 10% horse serum. The cells were then incubated for 2 h with 
primary antibodies [anti-actin (C4Mab); ICN]. Horse serum (10%) served as a 
negative control. Cells were incubated with biotinylated horse anti-mouse 
secondary antibodies at 1:500 dilution (Vector Laboratories), followed by 
extensive washes and avidin-biotin peroxidase complexes at 1:25 dilution. 
Diaminobenzidine (0.06%) was used as the final chromogen. 

A po ptosis. Cells were cultured under the conditions described above, har- 
vested, and fixed in 10% formalin. Apoptotic cells were detected via labeling 
of fragmented DNA by the TUNEL method of Gavrieli et al (59). 

Preparation of Nuclear Extracts. Nuclear extracts were prepared as de- 
scribed by Dignam et al (60). Briefly, 10 8 cells were washed two times, and 
cells were lysed by adding a volume of buffer A [10 mM HEPES (pH 7.5). 10 
mM KC1, 1.5 mM MgCl 2 . 0.5 mM DTT, and 10 mM NaF] equal to the volume 
of the cell pellet and incubated on ice for 15 min. The cells were lysed by 
passing the cells through a 26-gauge needle. Nuclei were collected by centrif- 
ugation at 14,000 X g for 20 s, and proteins were extracted from the nuclei in 
buffer C 120 mM HEPES (pH 7.5), 1 .5 mM MgCl 2 , 25% glycerol. 420 mM KCI, 
0.2 mM EDTA, 1 mM DTT, and 0.5 mM phenylmethylsulfonyl fluoride] for 30 
min at 4°C and pelleted by centrifugation at 14,000 rpm for 15 min. The 
supernatant solution was dialyzed for 1 h against buffer D [20 mM HEPES (pH 
7.5), 20% glycerol, 100 mM KCI, 0.2 mM EDTA, 1 mM DTT, and 0.5 mM 
phenylmethylsulfonyl fluoride! and stored at -80°C. Protein concentrations 
were determined using the Bio-Rad Protein Assay kit (Bio-Rad). 

Gel Mobility Shift Assays. Gel mobility shift assays were performed as 
follows (47). Reaction mixtures (25 pi) contained 20 jil of binding buffer 
[buffer A: 50 mM KCI, 20 mM HEPES- KOH (pH 7.5), 10 mM MgCl 2 , 10% 
glycerol. 0.5 mM DTT, 1% NP40], 0.5 ng of 32 P-labeled oligonucleotide 
probe, 2 pg of sonicated salmon sperm DNA, 20 jig of BSA, and 5-15 pig 
of protein extract. Reactions were incubated 10 min at room temperature 
(20-25°C). The reaction products were separated on a 4% polyacrylamide 
gel run in 0.25 X TBE (22.5 mM Tris-Borate, 0.5 mM EDTA) at 4°C. The 
gel was dried and exposed to film (Kodak XAR5). For antibody perturba- 
tion experiments, 1 yA (0.25 jig) of antibody was added to the incubation 
10 min prior to addition of the oligonucleotide probe and incubated at room 
temperature. The following antibodies were used: C36 (Oncogene Science, 
New York, NY) and 245 (PharMingen, San Diego, CA) monoclonal anti- 
bodies to RB and the negative control antibody (neg, 03301 D) obtained 
from PharMingen. The pi 07 antibody (SD-15) was generously provided by 



N. Dyson and E. Harlow (61). The pi 30 antibody (C20) was obtained from 
Santa Cruz Biotechnology, Inc. The pRB and pi 07 antibodies were specific 
for pRB and pl07 proteins, respectively, and did not cross-react with the 
other pocket protein members (data not shown). The pi 30 antibody was not 
specific and did cross-react with pi 07 protein but not pRB (data not 
shown). For the oligonucleotide competition experiments. 100-fold excess 
of the unlabeled competitor oligonucleotide (or titration) was added 10 min 
prior to addition of the oligonucleotide probe and incubated at room 
temperature. The following double-stranded oligonucleotides were used in 
the experiments (the sense strand is shown): E2F/E2, 5-AGCTTGTT- 
TTCGCGCTTA A ATTTG AG A A AGGGCGCG AA ACTAGTCA-3 ' ; DRTF 
71/50. 5 ' -T AGTTTTCGCGCTT A A ATTTG A-3 ' ; and DRTF 62/60, 5'- 
TAGTTTTCGATATT A A ATTTGA-3 ' . 

Immunoblot Analysis. Cells grown under the conditions described for 
each experiment were recovered by centrifugation, and total cell extracts were 
prepared. Cells were lysed in SDS-PAGE sample buffer, boiled 5 min, sheared 
through a 26-gauge needle, and clarified by centrifugation. Samples were 
applied to SDS-7.5% polyacrylamide gels. Electrophoretic transfer of proteins 
from the SDS-polyacrylamide gels to nitrocellulose (Schleicher and Schuell) 
were carried out as described by Towbin et al (62) and modified by Burnette 
(63). The membranes were blocked for 30 min at room temperature in lx 
TBST [10 mM Tris-HCI (pH 8.0), 150 mM NaCl, and 0.05% Tween 20] 
containing 4% dry milk. The following antibodies were used: antihuman pRB 
G-245 (PharMingen); anti-pl30 (C-20), anti-pl07 (C-18), anti-p21 (H-164), 
anti-cdk2 (M2), anti-E2F-l (C20), and anti-cyclin A (BF683) were obtained 
from Santa Cruz Biotechnology. The binding of antibody was detected using 
the enhanced chemiluminescence system as described (Amersham). 

RNase Protection Assay. The RNase protection assay was carried out as 
described by Melton et al. (64). The probes for RNase protection assays were 
prepared by recloning each fragment into the pBluescript II KS(+/-) vector 
(Stratagene) containing promoters for T3 and T7 RNA polymerases. The 
HPV-16 E7 vector was prepared by subcloning the fl^/II-digested E7 320-bp 
fragment into BamH\ -digested pKS vector. A human 0-actin probe (Ambion, 
Austin, TX) was used for normalization and was added to each hybridization. 
The probes were first tested individually and then combined. The addition of 
two probes in the hybridization yielded the same results as the individual 
probes. The antisense strand RNA probes were prepared and mixed (5 x 10 s 
cpm of test probe and 5 X 10 4 cpm of 0-actin probe) with 10 mg of total 
cellular RNA, hybridized, and digested with a mixture of RNase A and RNase 
Tl. Following ethanol precipitation, the size of the RNase-resistant probe was 
determined by electrophoresis on a denaturing acrylamide-8 m urea gel. The 
resulting gels were analyzed using the Fuji phosphoimager Fujix B AS 1000 and 
analyzed using MacBas 2.0 software. 

Histone HI Kinase Assay. Kinase activity was determined as described by 
Rosenblatt et al (65) and modified by Kiyokawa et al (66). Nuclear extracts 
were prepared as described above, and 25 /ig of protein were immunoprecipi- 
tated with anti-cdk2 (M2) and assayed for kinase activity using 1 jig of histone 
HI as a substrate for 30 min at 30 e C. Reactions were terminated by the 
addition of SDS sample buffer and boiling. Reaction products were resolved on 
SDS-polyacrylamide gels (12.5% polyacrylamide), and then gels were dried 
and autoradiographed. 



RESULTS 

Effect of HMBA on T24 Bladder Carcinoma CeU Proliferation 
and Morphology. We first examined the effect of HMBA on T24 
cell proliferation and morphology. The effect of HMBA at concen- 
trations of 0, 2.5, 5, 10, and 20 mM was determined (Fig. 1). An 
antiproliferative effect was observed at 5 mM HMBA, and complete 
inhibition of proliferation was observed at 10 mM HMBA. Following 
24 h of culture with 10 mM HMBA, T24 cells arrested in the G, phase 
of the cell cycle, as determined by DNA content analysis of propidium 
iodide-stained cells and by inhibition of bromodeoxyuridine incorpo- 
ration (Fig. 2). With continued culture with HMBA, the cells re- 
mained arrested in G, for over 21 days. Despite proliferation arrest, 
HMBA did not affect cell viability (determined by trypan blue exclu- 
sion; >90% viability with or without HMBA). The morphology of 
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Fig. I. Effect of HMBA on T24 cell proliferation. T24 were cultured in the presence 
of 0 (□). 5 (0), 10 (O), and 20 (A) mw HMBA as indicated, and cell density was 
determined for each culture following 1,2, and 3 days of culture. The scale for cell density 
is logarithmic. 



T24 cells during culture with 10 itim HMBA was evaluated by fixing 
the cells directly on their culture chamber slides, staining with Gi- 
emsa, or visualizing the pattern of actin distribution by immunohis- 
tochemical staining (Fig. 3). By 3 days of culture with HMBA, the 
cells were more uniform in shape and size, increased in cytoplasmic 
volume, spread out on the culture surface forming junctions with 
surrounding cells, and exhibited less distinct intercellular borders. 
There was also an increase in the number of cytoplasmic granules. 
These changes could be detected as early as 1 day following culture 
with HMBA and became more pronounced by 2 and 3 days. Although 



not specific, these morphological features are characteristics of the 
mature superficial (umbrella) cells of the urothelium. Umbrella cells 
are large, flat cells that make up the bladder lining facing the lumen 
(67, 68). 

Effect of HMBA on pRB, pl07, and pl30 Proteins and E2F 
Complexes. We explored the mechanism underlying the antiprolif- 
erative effect of HMBA by examining the expression and phospho- 
rylation of pRB and the pRB-related proteins pl07 and pl30. T24 
cells were cultured without or with 10 mM HMBA for 1, 4, 8, 12, and 
24 h, extracts were prepared, and immunoblots were performed (Fig. 
4, A and B). During culture with HMBA, a progressive decrease in the 
phosphorylated form of pRB was detected, as early as 4 h. In addition 
to conversion to the underphosphorylated form of pRB detected by 
4 h, there was a fall in the absolute level of all forms of pRB protein. 
The level of pl07 protein decreased 10-fold by 24 h, and there was a 
change in pi 07 to a more rapidly migrating form, pi 30 protein exists 
in two forms in untreated proliferating T24 cells. The slowly migrat- 
ing form is the more abundant. Upon culture with HMBA, the level of 
both forms of pi 30 decrease and are replaced by a form of interme- 
diate migration. The intermediate form of pi 30 has been shown to be 
the form that binds to El A protein and is the growth-suppressive form 
capable of interacting with E2F (69). Thus, HMBA caused the con- 
version to the growth-suppressive forms of pRB and pi 30 that ac- 
companied the arrest of T24 cells in G, phase. 

The antiproliferative effect of the pocket proteins is mediated, at 
least in part, by binding to the E2F family of transcription factors and 
inhibiting the transcription of genes for proteins required for G, to S 
phase progression (24-30). Gel mobility assays were performed fol- 
lowing culture with HMBA to examine the proteins involved in E2F 
complexes that are recognized by binding to the E2F consensus DNA 
sequence (Fig. 4C). In preconfluent T24 cells, two specific complexes 
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Fig. 2. Effect of HMBA on T24 cell cycle 
progression. T24 cells were cultured without or 
with 10 mw HMBA for the indicated times. Cells 
were labeled with BrdUrd (FU -Height), and DNA 
content was determined by propidium iodide stain- 
ing (FL2-A) as described. 
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Fig. 3. Effect of HMBA on T24 Morphology. T24 cells 
were cultured without (A and B) or with 10 mM HMBA (C 
and D) for 3 days on culture slides. Cells were stained with 
Gicmsa (A and O or expression of actin using the a 
antibody (B and D). 




were present. Antibody supershift experiments revealed that the com- 
plex with the slower mobility contains pl07 (pl07:E2F), whereas the 
less abundant complex with more rapid mobility contains the pRB 
protein. The complexes shifted with the pi 30 antibody in the cultures 
not treated with HMBA most likely reflects the cross-reaction with 
pl07 protein (see "Materials and Methods"), because the anti-pl07 
antibody shifts most if not all of the complex, and the pl07 antibody 
does not cross-react with pi 30 or pRB. However, the presence of a 
small amount of pl30:£2F complex cannot be ruled out. The predom- 
inant complex detected in the undifferentiated T24 cells is the p!07: 
E2F complex. The p!07:E2F complex is characteristic of S-phase 
cells (46, 47) and suggests that most of the cells in this culture are 
cycling. During culture with HMBA, the complex containing pi 07 
decreased in abundance, consistent with the fall in pi 07 protein level. 
At the same time, the pRB:E2F complex remains unchanged. A 
complex migrating with slightly slower mobility than the pRB:E2F 
complex was shifted by the anti-pl30 antibody. A low abundance 
complex with much slower mobility was also detected and contains 
the pi 30 protein as indicated by the loss of the band upon addition of 
antibody. Induction of proliferative arrest by HMBA in T24 cells 
resulted in a decrease of the pl07:E2F complex, no change in the 
pRB:E2F, and appearance of pl30:E2F complexes. 

Effect of HMBA in T24 Cells Expressing HPV-16 E7 Protein. 
To gain further insight into the role of the pocket proteins in HMBA- 
induced suppression of proliferation, we next examined the effect of 
HMBA on T24 cells expressing HPV-16 E7 protein. HPV-16 E7 
protein binds to pRB, p!07, and p!30 and inhibits E2F binding (54, 
55). Three E7-expressing clones were selected following transfection 
with an E7 cDNA on the basis of E7 mRNA expression (Fig. 5A); two 
vector-only clones were also selected, and the responses to HMBA 



were assayed. The vector controls (T24neol and T24neo2) and E7- 
expressing clones (T24/E7-1, T24/E7-2, and T24/E7-3) proliferated at 
approximately the same rate, in the absence of HMBA (Fig. SB). In 
culture with HMBA, the proliferation of each of these clones was 
inhibited. For T24, T24neol, or T24neo2 cells, the cell density 
reached a plateau between day 1 and 2 with little to no further change 
by day 3. The proliferation of the E7-expressing clones was inhibited 
by day 2 and remained inhibited at day 3. With respect to cell viability 
(trypan blue exclusion; Fig. 5C), following addition of HMBA to 
proliferating cultures, T24, T24neol, and T24neo2 cells showed no 
change in viability, whereas the E7 clones displayed over 50% non- 
viable cells by 3 days of exposure to HMBA (Fig. 5Q. 

The extent of loss of viability in response to HMBA appears to 
correlate with the level of expression of E7 mRNA; T24/E7-1 > T24/ 
E7-2 > T24/E7-3. Moreover, the expression of E7 mRNA in the 
T24/E7-2 and T24/E7-3 clones was not stable upon continued culture. 
The level of E7 mRNA decreased after five passages, and the loss of 
E7 mRNA expression was associated with a loss in HMBA-induced 
cell death in these clones (data not shown). The expression of E7 
protein in T24/E7-1 cells was stable, and additional experiments were 
performed with this clone. A revertant T24/E7-1 clone (T24/E7-IR) 
was isolated by continued culture of T24/E7-1 in HMBA. T24/E7-1R 
was then maintained in the absence of HMBA and responded to 
culture with HMBA by inhibition of proliferation but without an 
increase in nonviable cells (Fig. 5C). This T24/E7-1R clone was 
found to have lost expression of E7 protein (data not shown). 

Cell cycle progression was examined in T24/E7-1 cells. By 24 h in 
culture with 10 mM HMBA, proliferation was inhibited, and the cells 
were arrested in G, phase, determined by analysis of DNA content 
and BrdUrd incorporation (Fig. 6). Unlike T24 cells, which remain 
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Fig. 4. Effect of HMBA on Expression of 
pRB. pi 30. and pi 07 proteins and E2F com- 
plexes. In A and B, T24 cells were cultured 
without or with 10 nw HMBA for the indicated 
times, and total cell I y sales were prepared. pRB, 
pi 30. and pl07 proteins were detected by immu- 
noblotting. Cell equivalents (6 x I0 5 ) were 
loaded on each lane. The filters were probed with 
1 jig/ml anti-pRB (PMG-245; PharMingen). 1 
fLg/ml anti- 1 30 (C20; Santa Cruz Biotechnology) 
or 0.03 jig/ml anti-pl07 (C18; Santa-Cruz Bio- 
technology). In C. E2F DNA-binding complexes 
were detected by gel mobility shift assay. Nu- 
clear extracts were prepared from cultures treated 
without or with 10 mw HMBA for 24 h. Com- 
petitor or antibody was added 10 min prior to the 
addition of the E2F-E2 oligonucleotide. WT. 
DRTF71/50 oiigonucleoUde; MUT. DRTF62/60 
oligonucleotide; NEC normal rabbit serum. The 
antibodies are described in "Materials and 
Methods." 
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arrested in G, (Fig. 2), by day 2 in culture with HMBA a proportion 
of T24/E7- 1 cells entered S phase, as revealed by BrdUrd incorpora- 
tion. By day 3, although there was an increase in the percentage of 
cells with S phase DNA content, a portion of these apparently S-phase 
cells had ceased incorporating BrdUrd, indicating that they were 
arrested in S phase. 

Effect of HMBA on E2F Complexes in T24/E7-1 Cells. We then 
examined the effect of E7 expression on pocket protein:E2F com- 
plexes by gel mobility shift assays. T24/E7-1 cells were cultured 
without or with HMBA for 24 h, nuclear extracts were prepared, and 
gel mobility shift analysis was performed (Fig. 7A). This analysis 
detected the presence of three E2F complexes before culture with 



HMBA. By antibody supershift analysis, pRB:E2F was the most 
abundant complex, whereas free E2F and pl07:E2F were less abun- 
dant. Following culture with HMBA, only one complex was detected. 
This complex was determined to be free E2F by its migration on the 
gel and lack of supershift with antibodies against pRB, pi 07, or pi 30. 
This complex was shifted following addition of GST-pRB fusion 
protein to the gel mobility shift assay (data not shown), consistent 
with it being in the free form. 

Effect of HMBA on pRB, pi 07, and pi 30 Proteins In T24/E7-1 
Cells, We next investigated the effect of E7 on the expression of 
pRB, pl07, and pl30 proteins during culture with HMBA (Fig. IB). 
In the absence of HMBA, the level of pRB protein in T24/E7 cells was 
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Fig. 5. Characterization of T24/E7 cells. In A. T24 clones expressing E7 mRNA were 
identified by RNase protection assay. RNase protection assays were performed using 10 
fig of total RNA. Actin was used as a normalization control for RNA loading. Lane I. 
tRNA; Lane 2, T24; Lane 3, T24neo-l; Lane 4, T24neo-2; Lane 5. T24/E7-I; Lane 6. 
T24/E7-2; Lane 7, T24/E7-3. In 5, cells were cultured without or with 10 rtiM HMBA (H) 
for 1 . 2. and 3 days. Cell density was determined, and cell viability was determined by 
trypan blue exclusion. Q T24neo- 1 ; ■. T24neo-l + H; O, T24neo-2; •, T24nco-2 + H; 
0. T24/E7-I; ♦ . T24/E7-1 + H; X, T24/E7-2; *. T24/E7-2 + H; V, T24/E7-3; 
T24/E7-3 + H. In C. the viability of the cells in culture was determined by trypan blue 
exclusion following 3 days of exposure to 10 mM HMBA. 



similar to that in the T24 cells. Upon culture with HMBA, the changes 
in pRB phosphorylation occurred over a similar time course, but the 
level of pRB after 24 h of HMBA culture was lower in T24/E7-1 cells 
than in T24 parental cells. The baseline level of pi 30 protein is similar 
in the T24 and T24/E7 cells, and there are three forms of pi 30 
detected in T24/E7-1. Upon culture with HMBA, there was a fall in 
the level of the slowest migrating form and an increase in the more 
rapidly migrating, presumably active, form. No decrease in the total 
amount of pl30 was detected. The amount of pl07 protein is lower in 
the T24/E7-1 cells than in the T24 cells, and as in T24 cells, the 
amount of pi 07 protein falls during culture with HMBA. 

Effect oT HMBA on Induction of Apoptosis in T24 and T24/ 
E7-1 Cells. We next asked whether the HMB A-induced cell death of 
T24/E7 cells is due to apoptosis. Apoptotic cells were identified by an 
increase in DNA fragmentation, detected by the TUNEL technique 
(Fig. 8A). Little apoptosis (<5%) was detected in T24 and T24/E7-1 
cells cultured in the absence of HMBA. T24 cells cultured with 
HMBA also showed little (<5%) apoptosis. Although the T24/E7-1 
culture contained less than 5% apoptotic cells following 1 day of 
treatment with HMBA, by day 3 over 80% of the cells were apoptotic. 

It has been suggested that induction of apoptosis results from 
improper S-phase entry (70). We asked whether upon culture with 
HMBA, E7-transfected cells were generating signals promoting G, to 
S phase progression accompanied by signals for inhibition of G, to S 
phase progression. To answer this question, the levels of p21, cdk2, 
cyclin A, and E2F- 1 proteins and cdk2 histone H 1 kinase activity were 
determined in T24 and T24/E7-1 cells following 24 h culture with 
HMBA (Fig. 8, B and Q. Under these conditions, the levels of cdk2 
and cyclin A protein did not change, but an increase in the level of p21 
was detected in both T24 and T24/E7-1 cells, and the histone HI 
kinase activity associated with immunoprecipitated cdk2 decreased in 
both T24 and T24/E7-1 cells. T24 and T24/E7-1 differed, however, in 
that upon culture with HMBA, E2F-1 protein decreased in T24 cells 
and increased in T24/E7- 1 cells. These data suggest that the induction 
of apoptosis in the T24/E7-1 cells may result from conflicting cell 
cycle signals: increased E2F-1 protein promoting S-phase entry; and 
low cdk2 activity inhibiting S-phase entry. 

DISCUSSION 

The present study demonstrates: (a) that the hybrid polar differen- 
tiation agent HMBA inhibits the proliferation of T24 transitional cell 
bladder carcinoma cells and induces morphological changes consist- 
ent with maturation; and (b) that the expression of HPV-16 E7 protein 
blocks pocket protein:E2F interaction and causes T24 cells in culture 
with HMBA to undergo apoptosis rather than differentiation. 

HMB A-induced cessation of proliferation in T24 cells is mediated, 
at least in part, by effects on the pocket proteins and E2F. HMBA 
induces the accumulation of underphosphorylated forms of pRB and 
pl30 proteins and a decrease in the level of pl07 protein. Following 
treatment with HMBA, E2F switches from complexes containing 
predominantly pl07 to complexes containing pRB and pi 30. The 
molecular specificity of pocket protein binding to E2F upon induction 
of differentiation supports the current hypothesis that the transcrip- 
tion-modulating effects of E2F-associated pocket proteins serve to 
regulate different classes of E2F-responsive genes (71). Although all 
three pocket proteins have been shown to repress E2F transcriptional 
activity, they do not possess completely redundant functions. For 
example, both mouse knockout studies and the analysis of certain 
human tumors demonstrate that pRB is a tumor suppressor protein, 
but pi 30 and pi 07 are not (72-74). Our findings are consistent with 
this concept that pRB, pi 30, and pi 07 have, at least in part, different 
functions. 
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The pocket proteins are important in controlling the transcriptional 
activity of E2F f which in turn is critical for cell growth and differen- 
tiation decisions (52). A variety of experiments have demonstrated 
that E2F-1 overexpression can induce S-phase entry (75-78) and that 



overexpression of dominant-negative E2F mutants inhibits cell cycle 
progression from G, to S phase (79). In some cultured celts, overex- 
pression of E2F-1 has been found to induce p53-dependent apoptosis 
(76-78, 80). Overexpression of E2F-1 may induce apoptosis by 





Fig. 7. Effect of E7 protein expression on E2F complexes and pRB, pi 07, and pi 30 proteins. In A, E2F DNA-binding complexes were detected by gel mobility shift assay. Nuclear 
extracts were prepared from cultures treated without and with 10 mu HMBA for 24 h. Competitor or antibody was added 10 min prior to the addition of the E2F-E2 oligonucleotide. 
HT, DRTF71/50 oligonucleotide; MUT, DRTF62/60 oligonucleotide; NEC, normal rabbit serum. The antibodies are described in "Materials and Methods." B. immunoblot analysis 
of pRB. pi 30, and pi 07 proteins in T24/E7-1 cells. Cells were cultured with 10 nut HMBA for the indicated times, and total cell extracts were prepared and analysis was performed 
as described for Fig. 4. pl07 protein expression was determined in extracts prepared from T24 and T24/E7-1 cells cultured without or with 10 nun HMBA for 24 h. 
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Fig. 8. HMBA induces apoptosis in T24/E7-! cells cultured with HMBA. In A, T24 and T24/E7-1 cells were cultured without or with 10 nun HMBA for I, 2, and 3 days. Q T24; 
0 . T24 + H; O. T24/E7- 1 ; A. T24/E7- 1 + H. Apoptotic cells were detected using the TUNEL method. Over 200 cells were counted for each determination. B. effect of HMBA on 
cdk2. cyclin A. p21, and E2F-1 protein expression in T24 and T24/E7-1 cells. Cells were cultured without or with 10 mM for 1 day, and total cell extracts were prepared. Immunoblots 
were performed as described for Fig. 2 using the following antibodies ( 1 jig/ml) obtained from Santa Cruz Biotechnology, Inc.: anti-cdk2 (M2). anti-cyclin A (BF683), anii-p2 1 (H- 164), 
and anli-E2F-l (C20). C. effect of HMBA on cdk2 kinase activity in T24 and T24/E7-1 cells. Cells were cultured without or with 10 mM HMBA for 1 day. Nuclear extracts were 
prepared and immunoprecipitated (25 /ig) with anti-cdk2 (M2) or with normal rabbit serum (NRS). Kinase activity was assayed by using I fig of histone HI as a substrate. 



regulating genes important for cell survival or perhaps by driving cells 
into S phase at an inappropriate time (70). 

The finding of the switch from induction of differentiation to 
induction of apoptosis upon expression of HPV-16 E7 is not specific 
for culture of T24 bladder carcinoma cells with HMBA. Pan and 
Griep (81) have found altered regulation of cell cycle in transgenic 
mice, in which the expression of E7 was directed to the developing 
lens. The adult E7 transgenic mice revealed inhibition of lens fiber 
cell differentiation and apoptosis. 

This study provides evidence that E2F:pocket protein complex 
regulation plays an important role in HMBA-induced cessation of 
proliferation and induction of differentiation in T24 cells. The 
effects of HMBA are markedly altered when pocket protein:E2F 
complex formation is blocked or impeded by constitutive expres- 
sion of HPV-16 E7 protein. T24/E7-I cells cultured with HMBA 
do not remain arrested in G, phase as do T24 cells. This may 
reflect the fact that in T24/E7-1 cells cultured with inducer, E2F is 
present in its free form, and the level of E2F-1 protein increases. 
Our results are consistent with those of DeGregori et al. (82), who 
show that the E2F-1 overexpression can overcome a G, arrest 
caused by the inhibition of G, cyclin-dependent kinase activity. 
The transient G, arrest that occurred in T24/E7-1 cells following 1 
day of culture with HMBA may be due, in part, to effects on other 
cell cycle proteins involved in regulating G, to S-phase progres- 
sion. We have found that HMBA causes a greater than 10-fold 
increase in p21 protein and inhibition of cdk2 activity in both T24 
and T24/E7-1 cells. These changes may be sufficient to transiently 
suppress S-phase entry, even in the presence of high levels of free 
E2F. Indeed, our findings indicate that E2F must be in complexes 
with pocket proteins during culture with HMBA to maintain T24 
cells in the G, -arrested state. 

Unlike T24 cells, T24/E7-1 cells cultured with HMBA enter S 
phase and undergo apoptosis. In T24/E7-1 cells cultured with HMBA, 
the combination of low cdk2 activity and high levels of active E2F, 
capable of binding to DNA, may activate an S-phase checkpoint and 
contribute to the onset of apoptosis. This model is supported by 
studies of Krek et al (83, 84), who show that in S phase, E2F-1 forms 
a stable complex with cyclin A-kinase, which in turn causes DP-1 to 
become phosphorylated and the E2F complex to be released from 



DNA (85, 86). The release of E2F from DNA by phosphorylation of 
DP-1 is required for S-phase progression, and failure to release E2F 
from DNA during S phase results in apoptosis. 

These studies demonstrate that T24 transitional cell carcinoma 
bladder cells provide another and complementary model system to 
study differentiation agent-mediated proliferation arrest of trans- 
formed cells in addition to the well-studied MEL cell system (1). 
Induction of MEL cell differentiation by hybrid polar compounds also 
results in the modulation of E2F complexes (87). Following induction 
of differentiation, the level of the free form of E2F decreases, and E2F 
is in complex with pi 07. The finding that in MEL cells E2F com- 
plexes with pi 07, and in T24 cells E2F complexes with pRB and 
pi 30, not pi 07 during HMBA-induced differentiation, indicates that 
formation of specific pocket protein:E2F complexes during differen- 
tiation may be cell lineage specific. 

These studies suggest that pocket protein:E2F complex formation is 
required for HMBA-induced sustained inhibition of proliferation as- 
sociated with morphological differentiation of bladder carcinoma T24 
cells. It appears that under conditions in which pRB and pi 30 are not 
available to complex with E2F, HMBA can induce an alternative 
developmental option, i.e., apoptosis. Taken together, these studies 
enlarge the repertoire of demonstrated developmental pathways that 
may be triggered in transformed cells, depending upon their molecular 
status, and may provide potential therapeutic opportunities for cancer. 
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Abstract 

The function of several known oncogenes is restricted 
to specific host ceils in vitro, suggesting that new 
genes may be identified by using alternate hosts. RK3E 
cells exhibit characteristics of epithelia and are 
susceptible to transformation by the G protein RAS and 
the zinc finger protein GLI. Expression cloning 
identified the major transforming activities in 
squamous cell carcinoma cell lines as c-MYC and the 
zinc finger protein gut-enriched Kruppel-like factor 
(GKLF)/epitheiial zinc finger. In oral squamous 
epithelium, GKLF expression was detected in the 
upper, differentiating cell layers. In dysplastic 
epithelium, expression was prominently increased and 
was detected diffusely throughout the entire 
epithelium, indicating that GKLF is misexpressed in the 
basal compartment early during tumor progression. 
The results demonstrate transformation of epithelioid 
cells to be a sensitive and specific assay for 
oncogenes activated during tumorigenesis in vivo, and 
identify GKLF as an oncogene that may function as a 
regulator of proliferation or differentiation in epithelia. 
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Introduction 

Cellular oncogenes have been isolated by characterization of 
transforming retroviruses from animal tumors, by examina- 
tion of the breakpoints resulting from chromosomal translo- 
cation, by expression cloning of tumor DNA molecules using 
mesenchymal cells such as NIH3T3, and by other methods 
(1-5). Several human tumor-types exhibit loss-of-f unction 
mutations in a tumor suppressor gene that lead to activation 
of a specific oncogene in a large proportion of tumors. For 
example, c-MYC expression is regulated by the APC colo- 
rectal tumor suppressor; expression of GLI is activated by 
loss-of-function of PATCHED1 in human basal cell carci- 
noma and in animal models; E2F is activated by loss-of- 
function of the retinoblastoma susceptibility protein p105 Rb ; 
and RAS GTPase activity is regulated by the familial neuro- 
fibromatosis gene NF1 (6-12). The comparative genomic 
hybridization assay and related methods have shown that 
numerous uncharacterized loci in tumors undergo gene am- 
plification (13). These observations, and the infrequent ge- 
netic alteration of known oncogenes in certain tumor types, 
suggest that novel transforming oncogenes remain to be 
identified. 

One limitation to the isolation of oncogenes has been the 
paucity of in vitro assays for functional expression cloning. 
Whereas most studies have used NIH3T3 or other mesen- 
chymal cells as host for analysis of oncogenes relevant to 
carcinoma, the potential use of a host cell with epithelial 
characteristics has been discussed (2). In addition, several 
known oncogenes exhibit cell-type specificity. GL/, BCR- 
ABL, NOTCH1/TAN1, and the G protein GIP2 have been 
found to transform immortalized rat cells (14-18), but not 
NIHT3 cells, demonstrating the potential use of alternate 
assays for oncogene expression cloning. 

A consistent feature of human tumors is inactivation of the 
G 1 phase cell cycle regulatory pathway that includes p105 Rb 
(19-22). Loss-of-function mutations affect p105 Rb or the 
cyclin-dependent kinase inhibitors, or gain-of-function mu- 
tations occur in cyclin-dependent kinases or associated cy- 
clins. Such alterations are rate-limiting for tumor formation in 
vivo because inheritance of these defects predisposes to 
retinoblastoma, cutaneous malignant melanoma, and other 
tumors. During viral infection of normal cells, disruption of 
the same pathway is critical for successful induction of the 
cellular DNA replicative machinery to support viral replica- 
tion. Therefore, viruses express proteins, such as adenovirus 
E1A, that affect cell cycle progression through direct inter- 
action with cell cycle regulators including p105 Rb , p27 Kip \ 
and others (23-26). 
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Fig. 1. RK3E cells exhibit characteristics of epithelial cells. A, con- 
fluent RK3E cells in a culture dish were fixed and stained with uranyl 
acetate and lead citrate, and ultra-thin sections were examined using 
a Hitachi 7000 transmission electron microscope. The upper surface 
was exposed to growth media, and the lower surface was adherent. 
Electron dense aggregates typical of adherens junctions (arrows) and 
desmosomes [circled] are shown. Bars, 3.2 /urn (top) or 1.3 /im 
(bottom). B, Northern blot analysis of RK3E cells (Lane 1) and REF52 
fibroblasts (Lane 2). The filter was hybridized sequentially to a des- 
moplakin probe (top) and then to 0-tubuiin (bottom). C, vimentin ex- 
pression by immunocytochemistry in RK3E (top) and REF52 (bottom) 
cells. Bars, 100 ^m. 
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Table 1 Assessment of cDNA libraries 



Library A titer cDNA size (N.Rf Probe 6 cDNA clones transduced 0 Transduced RK3E cells* Foci identified 

Squamous cell carcinoma 8.9 x 10 6 1.69 (10, 1.00-3.60) NT ~4 x 10 6 -1.2 X 10 7 13 

Breast carcinoma 7.4 x 10 6 1.64(18,0.50-2.7) hBRF ~4 x 10 6 -1.2 x 10 7 1 

fl The mean size of cDNAs in kb pairs; the number of clones sized by gel electrophoresis (N) and the size range (R) are indicated. 

b Plaques (420,000) were analyzed by hybridization to the 5' end of the RNA polymerase III transcription factor hBRF cDNA (see "Results"); NT, not tested. 

c The number of clones processed at each step of library construction was equal to or greater than 4 x 10 s . The Bst XI adapter strategy generates 

recombinant cDNA expression plasmids in an orientation-independent fashion, such that both sense and antisense vectors result. 

d The number of RK3E ceils transduced was estimated as the product of the transduction frequency (20%), the number of dishes screened (20), and the 

number of ceils/dish (3 x 10 6 ). 



We previously developed and used RK3E cells, immortal- 
ized by E1A, to demonstrate the transforming activity of GLI 
(1 7). We now show that these cells exhibit multiple features 
of epithelia and detect known and novel transforming activ- 
ities in tumor cell lines. The epithelial features of the cells 
and/or the mechanism of immortalization may explain the 
surprising sensitivity and specificity of the assay compared 
with previous expression cloning approaches (27). Three of 
the four genes known to transform RK3E cells are activated 
by genetic alterations in carcinomas, and, of these genes, 
only RAS exhibits transforming activity in the commonly used 
host NIH3T3. We identify GKLF 4 (3) as an oncogene that is 
expressed in the differentiating compartment of epithelium 
and misexpressed in dysplastic epithelium. We also suggest 
that GKLF may regulate the rate of differentiation and mat- 
uration and the overall cellular transit time through epithe- 
lium. The functional similarities shared with other oncogenes, 
including GLI or c-MYC, identify GKLF as an attractive can- 
didate gene relevant to tumor pathogenesis. 

Results 

RK3E Cells Have Characteristics of Epithelia. RK3E cells 
are a clone of primary rat kidney cells immortalized by trans- 
fection with adenovirus E1A in vitro (17). The cells exhibit 
morphological and molecular features that are epithelioid. 
They are contact-inhibited at confluence and are polarized 
with apical and basolateral surfaces and electron-dense in- 
tercellular junctions typical of adherens junctions and des- 
mosomes (Fig. 1/4). Northern blot analysis showed that RK3E 
cells, but not REF52 fibroblasts, expressed desmoplakin, a 
major component of desmosomes and an epithelial marker 
(Fig. 18). By immunocytochemical staining, the mesenchy- 
mal marker vimentin was low or undetectable in RK3E cells, 
but was strongly positive in REF52 cells (Fig. 1C). Neither line 
reacted strongly with anticytokeratin or antidesmin antibod- 
ies. These results are consistent with the observation that 
E1 A induces multiple epithelial characteristics without induc- 
ing cytokeratin expression (28). 

Karyotype analysis revealed RK3E cells to be diploid with 
a slightly elongated chromosome 5q as the only apparent 
abnormality (1 7). Importantly, RK3E cells can be transformed 
by functionally diverse oncogenes such as RAS and GLI. 



4 The abbreviations used are: GKLF, gut-enriched Kruppel-like factor; 
0-gai, p-galactosidase; UTR, untranslated region; MMLV, Moloney murine 
leukemia virus; GAPDH, glyceraldehyde-3-phosphate dehydrogenase; 
ISH, in situ hybridization. 



Four such transformed lines were each homogeneous for 
DNA content, as determined by fluorescence analysis of 
propidium iodide-stained cells derived from RAS- (one line) 
or GLI- (three lines) induced foci, indicative of a relatively 
stable genetic constitution (data not shown). These proper- 
ties suggested that RK3E cells may serve as an in vitro model 
for identification and mechanistic analysis of gene products 
involved in the progression from normal epithelial tissue to 
malignancy. 

cDNA Library Construction. To identify transforming 
genes, we used mRNA from human squamous cell carcino- 
ma- or breast tumor-derived cell lines. These tumor types do 
not exhibit frequent alteration of RAS or GLI. After pooling 
mRNAs for each tumor type, oligo dT-primed cDNA libraries 
were constructed in bacteriophage A (Table 1). The libraries 
were high-titer (assessed before amplification on agar plates) 
with a mean insert size of 1.6-1.7 kb. The amplified breast 
cDNA library was further assessed by plaque screening for 
the transcription factor hBRF, using a probe derived from the 
5' end of the protein coding region (bases 315-655, acces- 
sion U75276). Each of the seven clones identified were de- 
rived from independent reverse transcripts, as determined by 
end sequencing, confirming that complexity of the library 
was maintained during amplification. The inserts ranged in 
size from 2.1-3.4 kb and contained the entire 3' UTR and 
much or all of the protein coding region intact. Three of the 
seven clones extended through the predicted initiator me- 
thionine codon, whereas four others were truncated further 
downstream. These results suggested that the library is rel- 
atively free of COOH-terminally truncated clones and con- 
tains full-length cDNAs even for relatively long mRNAs. The 
overall abundance of hBRF mRNA has not been determined. 

Isolation of c-MYC and GKLF by Expression Cloning. 
The libraries were cloned into the MMLV retroviral expression 
plasmid pCTV1 B (27), packaged in BOSC23 cells (29), and 
high-titer virus supernatants were applied to RK3E cells. 
Fourteen foci, identified at 10-20 days after transduction, 
were individually expanded into cell lines. Thirteen of these 
foci contained a single stably integrated cDNA, as indicated 
by PCR (Fig. 2A). Eleven of these PCR products were iden- 
tified as human c-MYC by end-sequencing and restriction 
enzyme analysis. The c-MYC cDNA in Lane 75 included the 
coding region and 193 bases of 5' UTR sequence (accession 
V00568). As determined by sequencing or restriction map- 
ping, the other c-MYC cDNAs extended further 5' (Lanes 7, 
3, 5-7, 9-7, 73, and 74), such that all of the clones contained 
the entire protein-coding region. 
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Fig. 2. Expression cloning of c-MYC and GKLF. A, identification of human cDNAs present in transformed RK3E cell lines SQC1-SQC13 {derived using a 
squamous cell carcinoma library, Lanes 1 and 3-14) and BR1 (derived using a breast carcinoma library, Lane 15). PCR was used in combination with 
vector-derived primers and cell line genomic DNA. RK3E genomic DNA served as a negative control template (Lane 2). No cDNA was retrieved from cell 
line SQC3 (Lane 4). All foci identified in the screen are represented. Molecular weight markers are indicated on the left in kb pairs. B, reconstitution of 
transforming activity by cloned PCR products. cDNAs were cloned into a retroviral expression plasmid, packaged into virus using BOSC23 cells, and applied 
to RK3E cells. Foci were fixed and stained at 3-4 weeks. Vector, pCTV3K; Control, pCTV3K-SQCl; c-MYC, pCTV3K-BR1; GKLF, pCTV3K-SQC7. C, 
morphology of foci and cloned cell lines. Top to bottom: first panel, low-power phase contrast view of adjacent foci in a dish transduced with retrovirus 
encoding GKLF (bar, 900 /im); second through fourth panels, high-power phase contrast view (bar, 230 /xm); second panel, RK3E cells at subconfluence; 
third panel, GKLF-transformed RK3E ceils; fourth panel, c-MVC-transformed RK3E cells. 



In addition, two cell lines (Fig. 2A, Lanes 8 and 12) con- 
tained cDNAs coding for GKLF. Mouse and human GKLF 
cDNAs were previously isolated by hybridization with zinc 
finger consensus probes (30-32), but were not implicated as 
oncogenes or found to be induced during neoplastic pro- 
gression. After cloning into plasmid, the sequences of these 
two cDNAs, termed SQC7 and SQC11, were obtained in 
total. As determined by comparison with multiple expressed 
sequence tags and two full-length coding sequence files in 
the database (accessions U70663 and AF022184), each 
contained the predicted GKLF protein coding region 
bounded by 5' and 3' UTRs. An ATG in good context for 
translation initiation was located at base 330, with the pre- 
dicted terminator codon at base 1740. Both isolates were 



artificially truncated at the Xho\ site in the 5' UTR during 
library preparation. Because the transcripts had been pro- 
cessed using distinct AAUAAA polyadenylation signals, the 
cDNAs were slightly different in length and derived from 
independent mRNA molecules (Fig. 2A). 

Sequencing revealed these two GKLF isolates to be iden- 
tical within the residual 5' UTR and throughout the coding 
region. A single bp difference in the 3' UTR represents a 
PCR-induced error or a rare variant, as determined by com- 
parison with ESTs. Comparison to a placenta-derived se- 
quence (accession U70663) revealed three single bp differ- 
ences in the coding region. These differences were resolved 
by alignment with other sequences in the database (acces- 
sions AF022184 and AA382289) from normal tissues, indi- 
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Table 2 Retroviral transduction of reconstituted GKLF and c-MYC expression vectors 


Plasmid 


Focus assay 


Colony morphology assay 


(no. foci/10 cm dish) a 


(no. transformed/total) 6 


pCTV3K (vector) 


0, 0 


0/184 


pCTV3K-SQC1 c (c-MYC) 


0,0 


0/232 


PCTV3K-SQC5 {c-MYC) 


>1000, >1000 


ND d 


pCTV3K-BR1 (c-MYC) 


>1000, >1000 


81/91 (89%) 


PCTV3K-SQC7 (GKLF) 


>1000, >1000 


91/206 (44%) 


pCTV3K-SQC11-2° (GKLF) 


>1000, >1000 


ND 


pCTV3K-SQC1 1-3 (GKLF) 


>1000, >1000 


ND 



° RK3E cells were transduced with 4 ml of virus supernatant after calcium phosphate-mediated plasmid transfection of virus packaging cells. 

to RK3E cells were transduced with 0.4 ml of thawed viral supernatant. Cells were split 1 :4 into selective media 30 h later. At 2 weeks, drug -resist ant colonies 

were fixed, stained, and examined visually for morphological transformation. Numbers indicate colonies/1 0-cm dish. A duplicate transduction experiment 

yielded similar results (data not shown). No colonies formed in control dishes that were not exposed to virus. 

c pCTV3K-SQCl is a c-MYC allele obtained by PCR that exhibited greatly reduced transforming activity compared with other alleles. 

d ND, not determined. 

• SQC11-2 and -3 are independent plasmid clones derived from the same PCR reaction (Fig 2A, Lane 12). 



eating that the GKLF molecules obtained by expression clon- 
ing are predicted to encode the wild-type protein. 

Reconstitution of Transforming Activity for c-MYC and 
GKLF. To demonstrate transforming activity, three inde- 
pendent PCR products each for the c-MYC and GKLF 
cDNAs were cloned into the retroviral expression vector 
pCTV3K (27), packaged into virions, and tested for transfor- 
mation of RK3E cells in vitro (Fig. 2, B and C; Table 2). One 
of the c-MYC clones (pC7V3K-SQC1) possessed greatly re- 
duced transforming activity in multiple experiments despite 
similar viral titers, as determined by induction of hygromycin 
resistance, suggesting that an error may have been intro- 
duced during PCR. Each of the other virus supernatants 
carrying GKLF and c-MYC transgenes induced >1000 foci/ 
dish compared with no foci for virus controls. 

To determine the efficiency of transformation by GKLF and 
c-MYC, a colony morphology assay was used, as described 
previously (27). Virally transduced ceils were selected in hy- 
gromycin at low confluence, and stable colonies were fixed, 
stained, and scored for morphological transformation by vis- 
ual inspection as above for foci (Table 2). The c-MYC-trar\s- 
duced cells exhibited loss of contact inhibition and dense 
growth in 89% of colonies. The GKLF-transduced cells ex- 
hibited a transformed morphology in 44% of colonies. In 
comparison, a previous study showed that 70% and 40% of 
NIH3T3 colonies transduced by viruses carrying RAS and 
RAF exhibited a transformed morphology (27). We, likewise, 
tested virus supernatants for transformation of NIH3T3 cells. 
Neither c-MYC nor GKLF induced morphological transfor- 
mation of NIH3T3 colonies, as previously described for GLI 
and others (data not shown; Ref. 1 7). These results identify 
the RK3E assay as not only highly specific, but also sensitive 
to the activity of a select group of oncogenes. 

In lieu of sequencing the c-MYC alleles, we confirmed that 
wild-type c-MYC can transform RK3E cells. A human wild- 
type expression vector (pSRaMSV c-MYC tk-neo) induced 
foci using direct plasmid transfection of RK3E cells in mul- 
tiple experiments. Foci were observed at a similar frequency 
using known wild-type or new c-MYC isolates when ana- 
lyzed in parallel (data not shown). In addition, retrovirus en- 
coding the estrogen receptor-c-MYC (wild-type) fusion pro- 
tein induced morphological transformation of RK3E cells in 



the presence or absence of 4-hydroxy-tamoxifen (33). No 
effect was observed for controls (empty vector or a control 
containing a deletion in c-MYC residues 106-143). 

Northern blot analysis of transformed RK3E cell lines dem- 
onstrated expression of the c-MYC and GKLF vector-derived 
transcripts (Fig. 3A). No endogenous transcripts were de- 
tected at the stringency used in this experiment. Compared 
with RK3E cells at subconfluence (Lane 1) or confluence 
(Lane 2), no consistent increase of E1A transcripts was de- 
tected in cells transformed by RAS, GLI, c-MYC, or GKLF, 
suggesting that these genes act upon cellular targets to 
induce transformation. 

To detect the endogenous rat GKLF transcript, we used 
reduced-stringency wash conditions and a Smal fragment 
from the coding region exclusive of the COOH-terminal zinc 
fingers and with no sequence similarity to other genes in the 
database. By this approach, the apparent GKLF transcript 
was identified and migrated at 3.1 kb, similar to the human 
3.0-kb transcript, in RK3E and all derivative-transformed cell 
lines (data not shown). A single transcript with the same 
mobility was detected by hybridization of the filter to full- 
length coding region probe. These studies revealed similar 
GKLF expression in RK3E and in derivatives transformed by 
RAS, GLI, or c-MYC. The results show that GKLF mRNA 
expression is not significantly altered by these other onco- 
genes and is consistent with function of GKLF in an inde- 
pendent pathway. 

Cell lines derived from foci induced by c-MYC or GKLF 
were further tested for tumorigenicity in athymic mice by s.c. 
inoculation at four sites for each line (Table 3; Ref. 17). 
Tumors were >1 cm in diameter and were scored at 2-4 
weeks after inoculation. Cells transformed by c-MYC in- 
duced tumors in 75% or 100% of sites injected (two lines 
tested). Three lines transformed by GKLF each induced tu- 
mors in 50-75% of sites injected. No tumors resulted from 
injection of RK3E cells, whereas a GLMransformed cell line 
induced tumors in each of the four sites injected. In all, GKLF 
cell lines induced tumors in 8 of 12 injection sites, compared 
with 7 of 8 injection sites for c-MYC and 4 of 4 injection sites 
for GLI. GKLF-induced tumors also grew more slowly in vivo, 
reaching 1 cm in diameter by 3.4 weeks, on average, com- 
pared with 2.6 weeks for c-MYC and 3 weeks for GLI. The 
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F/g. 3. Northern blot analysis of c-MYC and GKLF expression. Total RNA (25 fig) was loaded for each sample. A, analysis of transgene expression in RK3E 
cells and derivative cell lines transformed by the indicated oncogene. Lane 1, RK3E cells in exponential growth phase; Lane 2, RK3E cells incubated at 
confluence for 5 days. Ethidium bromide-stained RNA is shown below after transfer to the filter. B, endogenous GKLF (3.0 kb) or c-MYC (2.3 kb) expression 
in tumor cell lines. Lanes 1-3, breast cancer lines; Lanes 4-6, squamous cell carcinoma lines. C, analysis of gene expression in laryngeal squamous cell 
carcinoma. Lane 1. SCC25 cell line; Lanes 3-6, 9, and 12, primary tumors; Lanes 7, 8, 10, and 11, metastatic tumors; Lanes 3-12 correspond to case 
numbers 5, 8, 1 8-20, 6, and 21-24, respectively (see Table 4). RK3E-RAS cell RNA served as a negative control (Lane 2), whereas hybridization to ^-tubulin 
served as a control for loading. 



Table 3 Tumorigenicity of RK3E-derived cell lines in athymic mice 



Cell line 



No. tumors/ 
no. sites 
injected 



Tumor latency 
in vivo (weeks) 0 



Doubling time 
in vitro (h) 



RK3E 


0/4 




12.7 


RK3E-C-MYC BR1 b 


3/4 


3,3,4 


19.1 


RK3E-C-MYC B c 


4/4 


2,2,2,2 


19.8 


RK3E-GKLF E 


3/4 


3,3,3 


33.7 


RK3E-GKLF F 


2/4 


4,4 


27.0 


RK3E-GKLF G 


3/4 


3,3,4 


ND* 


RK3E-GLI 


4/4 


3,3.3,3 


18.0 



a The time required for tumors to reach 1 cm in diameter is indicated. 
b Cell line derived from a focus identified in the original screen using a 
breast cancer cDNA library. 

^ Cell line derived by transformation with the reconstituted plasmid 

pCTV3K-BR1. 

d ND, not determined. 



moderately increased latency and decreased efficiency of 
tumor formation for GKLF cell lines may be attributable to the 
intrinsic rate of proliferation for these cells (Table 3). Although 
c-MYC, GLI, and GKLF cell lines all exhibited prolonged 
doubling times in vitro compared with RK3E cells, GKLF cells 
divided more slowly than the other transformed cell lines. 

Northern Blot Analysis of Tumors and Tumor-derived 
Cell Lines. We then examined human tumors and cell lines 
by Northern blot analysis of total RNA (Fig. 3, B and C). GKLF 
expression in breast or squamous cell carcinoma cell lines 
was variable, with increased expression in the breast tumor 
line ZR75-1 and the squamous cell lines SCC15 and SCC25 
(Fig. 3S). In human squamous cell carcinomas microdis- 
sected to enrich for tumor cells, GKLF expression was de- 
tected in each of 10 primary or metastatic tumors analyzed, 
with expression levels comparable with that for the cell line 



SCC25 (Fig. 3C). The results suggest that GKLF represents a 
potent transforming activity that is consistently expressed in 
tumors as well as in tumor-derived cell lines. Because GKLF 
was isolated from cell lines that express the gene at a level 
found in tumors in vivo, the results suggest that GKLF may 
represent a major transforming activity in tumors, as well as 
in cell lines. 

Gene Copy Number of c-MYC and GKLF. c-MYC was 
previously shown to be activated by gene amplification in 
—10% of oral squamous cancers and may be activated in 
these or other tumors by genetic alteration of WNT-APC-j3- 
catenin pathway components (6, 34-37). To determine 
whether expression of GKLF in cell lines and tumors is, 
likewise, associated with gene amplification, we performed 
Southern blot analysis (Fig. 4, A and B). Filters were sequen- 
tially hybridized to GKLF, c-MYC, and jS-tubulin. Increased 
copies of c-MYC were identified in two cell lines used for 
library construction, FaDu and MCF7. Increased hybridiza- 
tion to c-MYC was, likewise, observed for 1 of 1 1 oral squa- 
mous cell carcinomas (Fig. 4>A, Lane 10) and for one of nine 
breast carcinomas (Fig. 4B, Lane 8). These results are con- 
sistent with the published frequencies of c-MYC amplifica- 
tion for these tumor types (34, 35, 38). No copy number gains 
of GKLF were observed, indicating that other mechanisms 
may contribute to expression of GKLF in tumors. The same 
may be true for c-MYC because gene amplification in FaDu 
cells was associated with reduced expression compared 
with other oral cancer cell lines (Fig. 3B). 

GKLF Expression Is Activated Early during Tumor Pro- 
gression in Vivo. Previously, expression of c-MYC was 
found to be up-regulated consistently in dysplastic oral mu- 
cosa and in squamous cell carcinomas, and tumors with the 
highest levels of c-MYC expression were associated with the 
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Fig. 4. Southern blot analysis of cell line- and tumor-derived genomic DNA. DNA (5 /ig) was digested with EcoRI and separated by gel electrophoresis. 
The filters were hybridized sequentially to GKLF, c-MYC, and 0-tubulin probes. *, samples with increased apparent copy number of c-MYC. Molecular 
weight markers are indicated on the right. NL, normal human lymphocyte DNA. A, oropharyngeal squamous cell carcinoma. Cell lines (Lanes 2-4) and 
tumors (Lanes 5-15) are shown. B, breast carcinoma. Cell lines (Lanes 2-5) and tumors (Lanes 6-14) are shown. 



poorest clinical outcome (36, 39-41). To determine how 
GKLF mRNA expression is altered during tumor progression, 
we analyzed squamous cell carcinoma of the larynx and 
adjacent uninvolved epithelium from the same tissue blocks 
using 35 S-labeled riboprobes by ISH analysis. In apparently 
normal epithelium, GKLF expression was detected in the 
spinous layer above the basal and parabasal cells (nine 



specimens analyzed; Fig. 5, A-C, G-/; Table 4). No specific 
GKLF expression was detected in the basal or parabasal 
cells or in the underlying dermis. In contrast, a sense control 
probe produced grains at a much-reduced frequency in a 
uniform fashion across the epithelium. GAPDH expression 
served as a positive control and was detected diffusely 
throughout the entire epithelium (data not shown). The ob- 
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Fig. 5. ISH analysis of GKLF. Paraffin-embedded or fresh-frozen (M-O) tissues were analyzed using antisense {GKLF-AS) or sense (GKLF-S) 
35 S-labeled RNA probes. Each image {A-O) is 650 x 530 txm. Sections were stained with H&E. Case 1, A-C, uninvolved epithelium in a patient with 
primary laryngeal squamous cell carcinoma; D-F, adjacent dysplastic epithelium within the same tissue block. Case 2, G-l, uninvolved epithelium; J-L, 
adjacent primary tumor nests within stroma in the same tissue block; *, a salivary gland and ducts. Case 3, M-O t metastatic laryngeal squamous cell 
carcinoma infiltrating a lymph node; *, lymphocytes. 
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Table 4 


Expression of GKLF in oral epithelium and tumors 




Case 0 


Histopathology 


Tissue source 


Method 


GKLF 


(U/>D,P,M) 


(PE/FF) 


(N/ISH) 


expression 


1 


U,D,P 


PE 


ISH 


D,P>U 


2 


U,D 


PE 


ISH 


D>U 


2 


U,P 


PE 


ISH 


p>u 


3 


M 


FF 


ISH 


+ 


4 


U,D 


PE 


ISH 


D>U 


5 


P 


FF 


N.ISH 


+ 


6 


M 


FF 


N.ISH 




7 


P 


FF 


ISH 


+ 


8 


P 


FF 


N.ISH 


+ 


9 


D,P 


PE 


ISH 




10 


M 


PE 


ISH 


+ 


11 


U,D ( P 


PE 


ISH 


D,P>U 


12 


U,D 


PE 


ISH 


D>U 


12 


U,D,P 


PE 


ISH 


D,P>U 


13 


U 


PE 


ISH 


+ 


13 


P 


PE 


ISH 


+ 


14 


P 


PE 


ISH 


+ 


14 


M 


PE 


ISH 


+ 


15 


D 


PE 


ISH 


+ 


15 


D 


PE 


ISH 


+ 


15 


D,P 


PE 


ISH 


D.P+ 


16 


U,D,P 


PE 


ISH 


D,P>U 


16 


M 


PE 


ISH 


+ 


17 


D.P 


PE 


ISH 


D.P + 


18 


P 


FF 


N 


+ 


19 


P 


FF 


N 


+ 


20 


M 


FF 


N 


+ 


21 


P 


FF 


N 


4- 


22 


M 


FF 


N 


+ 


23 


M 


FF 


N 


+ 


24 


P 


FF 


N 


+ 



° Each row corresponds to a tissue specimen. Levels of gene expression 
indicate changes identified within, rather than between, single tissue 
sections. For some cases, multiple specimens isolated during the same 
surgical procedure were analyzed. ISH results were confirmed by analysis 
of sections in duplicate. 

b U, uninvolved or normal-appearing epithelium; D, dysplastic epithelium; 
P, primary tumor; M, metastatic tumor; PE, paraffin-embedded; FF, fresh- 
frozen; N, Northern; D,P>U, increased expression in dysplasia and pri- 
mary tumor compared with uninvolved epithelium in the same section; 
D,P+, expression in both dysplasia and adjacent primary tumor. 

served pattern of GKLF expression is identical to the pattern 
in normal mouse skin (32). 

For each of 12 specimens analyzed, dysplastic epithelium 
exhibited increased GKLF expression throughout the epithe- 
lium (Fig. 5, D-F; Table 4, Cases 1,2,4,9,11, 12, and 15-1 7). 
In contrast to results obtained in normal-appearing epithe- 
lium, there was no reduction of expression in the basal and 
parabasal layers compared with superficial layers. For tissue 
sections that contained both uninvolved epithelium and ad- 
jacent dysplastic epithelium, the overall level of GKLF ex- 
pression in dysplastic epithelium was prominently elevated 
compared with the GKLF-positive cell layers in uninvolved 
epithelium (Fig. 5, B, E, and H; Table 4, Cases 1,2,4,11,12, 
and 76). These results suggest that GKLF expression is 
qualitatively and quantitatively altered in dysplasia, that ex- 
clusion of GKLF from the basal and parabasal cell layers is 
lost early during neoplastic progression, and that GKLF ex- 
hibits properties of an oncogene not only in vitro, but also in 
vivo. 

As shown by Northern blot analysis, GKLF transcripts are 
consistently present in tumor-derived mRNA (Fig. 3C; Table 



4). To determine whether GKLF is expressed in tumor cells, 
we examined laryngeal squamous cell carcinomas by mRNA 
ISH. Expression was detected in each primary (13 cases) or 
metastatic (5 cases) tumor examined (Fig. 5, J-O; Table 4), 
with all or nearly all tumor ceils associated with silver grains. 
The level of expression was somewhat heterogeneous, with 
higher levels found in the periphery and in nodules of tumor 
containing centrally necrotic cells or keratin pearls. As for 
dysplastic epithelium, expression in tumor cells was consis- 
tently elevated compared with uninvolved epithelium in the 
same sections (Fig. 5, H and K; Table 4, Cases 1,2, 11, 12, 
and 16). However, expression in tumor cells was not higher 
than in dysplastic epithelium (Cases 1,9,11,12, and 75-7 7). 
For several cases, expression in the most dysplastic epithe- 
lium was higher than in adjacent GKLF-positive tumor, sug- 
gesting that GKLF expression is specifically activated during 
the transition from normal epithelium to dysplasia, before 
invasion or metastasis. 

Discussion 

The results demonstrate that cells with an epithelial pheno- 
type can be used for identification of transforming activities 
present in carcinoma-derived cell lines. The assay repeatedly 
identified two genes, and none of the isolated cDNAs were 
artificially truncated or rearranged within the protein coding 
region. This indicates that transformation of these cells is 
unusually specific to a few pathways or genes, including 
c-MYC, GKLF, RAS, and GLI. c-MYC, RAS, and GLI are 
directly or indirectly activated by genetic alterations in di- 
verse carcinoma types during tumor progression in vivo (9, 
10, 42-44). For both breast and oral squamous carcinoma, 
the tumor types analyzed in this study, c-MYC gene ampli- 
fication is one of the more frequent oncogene genetic alter- 
ations and is observed in 10-15% of cases. By analogy, 
novel oncogenes identified by the RK3E assay may be di- 
rectly activated in neoplasms through gain-of-function mu- 
tations or indirectly activated by loss-of-function genetic al- 
terations. 

Whitehead et ai. (27) developed the retroviral vectors that 
we used in this study for transduction of NIH3T3 cells, in 
which they isolated 19 different cDNAs encoding 14 different 
proteins. Known oncogenes were isolated, including raf-1, 
Ick, and ecf2. Other known genes included phospholipase 
C-y 2 , 0-catenin, and the thrombin receptor. In addition to the 
known genes, seven novel cDNAs were isolated, including 
several members of the CDC24 family of guanine nucleotide 
exchange factors. Only the thrombin receptor was isolated 
more than once, and many of the 14 different genes identi- 
fied were truncated within the protein coding region. The 
diversity of cDNAs isolated in the NIH3T3 assay is in contrast 
to results obtained in the current study. The specificity of the 
RK3E assay may be attributable to the "tumor suppressor" 
activity of the E1A oncogene (28, 45). Although E1A antag- 
onizes p105 Rb and immortalizes primary cells, it also induces 
epithelial differentiation in diverse tumor types, including sar- 
coma, and suppresses the malignant behavior of tumor cells 
in vivo. 

GKLF was previously isolated by hybridization to zinc fin- 
ger probes (30-32). The human gene is located at chromo- 
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some 9q31 and is closely linked to the autosomal dominant 
syndrome of multiple self-healing squamous epitheliomata 
(31 , 32, 46, 47). Affected individuals develop recurrent inva- 
sive, but well-differentiated, tumors morphologically similar 
to squamous carcinoma that spontaneously regress. Al- 
though GKLF has been proposed as a candidate tumor 
suppressor gene relevant to multiple self-healing squamous 
epitheliomata (32), our results suggest that activating muta- 
tions could account for the syndrome. 

GKLF encodes a nuclear protein that functions as a tran- 
scription factor when bound to a minimal essential binding 
site of 5'-%%GG c / T G c / T -3' (48). The 470 residue polypep- 
tide exhibits modular domains that mediate nuclear localiza- 
tion, DNA binding, and transcriptional activation or repres- 
sion (31, 32, 49, 50). In mice, GKLF expression is found 
predominately in barrier epithelia, including mucosa of the 
mouth, pharynx, lung, esophagus, and small and large intes- 
tine (30, 32). A role for GKLF '\n differentiation or growth arrest 
was suggested by the onset of expression at the time of 
epithelial differentiation (approximately embryonic day 13; 
Refs. 32 and 51) and by similarity within the zinc finger 
domain to family members erythroid Kriippel-like factor and 
lung Kruppel-like factor that were previously associated with 
growth-arrest or differentiation-specific gene expression (52, 
53). Similarity to these other genes is limited to the DNA- 
binding zinc finger region. 

Our results show that GKLF can induce proliferation when 
overexpressed in vitro. Analysis of expression in dysplastic 
cells and tumor cells in vivo provides independent evidence 
that GKLF exhibits properties expected of an oncogene. 
Genetic progression of carcinoma seems to involve genes 
and pathways important for homeostasis of normal epithe- 
lium (6, 7, 9, 54). For example, the zinc finger protein GLI is 
expressed in normal hair shaft keratinocytes, whereas c- 
MYC is expressed in normal epithelium of the colonic mu- 
cosa. In tumors derived from these tissues, GLI and c-MYC 
are more frequently activated by recessive genetic changes 
in upstream components of their respective biochemical 
pathways than by gain-of-function alterations such as gene 
amplification. Up-regulation of GKLF expression in dysplas- 
tic epithelium and tumor cells in vivo is particularly interesting 
as expression seems not to be increased by proliferation in 
vitro. Expression of the endogenous GKLF mRNA in RK3E 
cells was similar in cycling versus contact-inhibited cells 
(data not shown). In contrast, GKLF is significantly induced in 
NIH3T3 cells during growth arrest (30). These different re- 
sults suggest that cell type-specific mechanisms can regu- 
late GKLF expression, and that GKLF may play different roles 
in epithelial versus mesenchymal cells. 

Squamous epithelium is divided into compartments (55, 
56). In the basal cell layer, proliferative reserve or stem cells 
possess long-term or unlimited self-renewal capacity, 
whereas the parabasal transit amplifying cells undergo sev- 
eral rounds of mitosis and then withdraw from the cell cycle 
to differentiate into spinous cells that form the mid strata of 
the epithelium. These cells then undergo terminal differenti- 
ation and programmed cell death at the surface. Proliferation 
and differentiation are normally balanced such that overall 
cell number remains constant. In contrast to GLI and c-MVC, 



GKLF expression in skin seems limited to the differentiating 
compartment (32). A simple model is that GKLF normally 
regulates the rate of maturation and shedding and the overall 
transit time for individual cells. The thickness of epithelium, 
which varies greatly in development and in different adult 
tissues, may be regulated not only by alterations in the rate 
of cell division in the basal layer, but also in response to 
GKLF or similarly acting molecules in the suprabasal layers. 
This model is consistent with the relatively late induction of 
GKLF during mouse development, and is testable by mod- 
ulating expression of GKLF in transgenic animals or using 
raft epithelial cultures in vitro. Activation of GKLF in the basal 
layer of dysplastic epithelium suggests that dysplasia and 
progression to invasion and metastasis could result from loss 
of normal compartment-specific patterns of gene expres- 
sion. 

In summary, GKLF, c-MYC t and GLI are potent oncogenes 
in epithelioid RK3E cells in vitro, are analogous with respect 
to their expression in normal epithelium, and have potentially 
complex roles in the regulation of epithelial cell proliferation, 
differentiation, or apoptosis (6, 7, 9, 44, 56-58). How GKLF 
contributes to these processes will require a better under- 
standing of its function and of the pathways that regulate 
GKLF activity in epithelia. 

Materials and Methods 

Immunocytochemistry. Immunocytochemical assays were performed 
in the Immunopathology Laboratory at The University of Alabama at 
Birmingham. Antibodies to vimentin and desmin were from Dako (Car- 
penteria, CA). A mixture of anticytokeratin included AE1/AE3 (Biogenics, 
San Ramon, CA), CAM5.2 (Becton Dickinson, San Jose, CA), and MAK-6 
(Zymed, South San Francisco, CA). Human tissue served as a positive 
control for each antibody. No signal was obtained in the absence of 
primary antibody. 

Construction of cDNA Libraries. Two cDNA libraries were con- 
structed using the ZAP- Ex press cDNA synthesis kit (Stratagene, La Jolla, 
CA). A library was prepared from human squamous cell carcinoma cells 
derived from tumors of the oro-pharynx. Equal quantities of total mRNA 
from cell lines SCC15, SCC25, and FaDu (American Type Culture Collec- 
tion, Manassas, VA) were pooled. Similarly, equal quantities of mRNA from 
the breast cancer cell lines MCF-7, ZR75-1, M DAM B -45 3, and T47D 
(American Type Culture Collection) were pooled. For each pool, poly(A)+ 
mRNA was selected by two cycles of oligo-dT cellulose affinity chroma- 
tography, and 5 jig were reverse transcribed using an oligo-dT linker 
primer and MMLV reverse transcriptase. Double-stranded cDNA was 
synthesized using Escherichia coli RNase H and DNA polymerase I. cDNA 
was ligated to AZAP EXPRESS bacteriophage arms and packaged into 
virions. The X titer and the frequency of nonrecombinants were deter- 
mined before amplification of the library on bacterial plates (Table 1 ). The 
frequency of nonrecombinant clones was estimated to be <2% by 
complementation of 0-gal activity (blue/white assay). Phage were con- 
verted to pBKCMV plasmids by autoexcision in bacteria. Insert sizes in 
randomly selected clones were determined at this step by gel electro- 
phoresis of plasmid DNA digested with Sa/I and Not I (Table 1). The 
pBKCMV plasmid libraries were amplified in soft agar at 4 x 10 4 colony 
forming units/ml (27). After incubation at 37°C for 15 h, bacterial cells 
within the agar bed were isolated by centrifugation, amplified for 3-4 
doublings in culture, and plasmid DNA was purified using a Qiagen 
column (Qiagen, Inc., Chatsworth, CA). 

To generate libraries in a retroviral expression vector, cDNA inserts 
were excised from 10 ^tg of plasmid using Sa/I and Xho\. After treatment 
with Klenow and dNTPs and extraction with phenol, the DNA was ligated 
to 5' phosphorylated SsfXI adapters (5 ' -TC AGTTACTCAGG-3 ' and 5'- 
CCTGAGTAACTGACACA-3'), as described (27). After treatment with 
Not I, excess adapters were removed by gel filtration, and the residual 
vector was converted to a 9.0-kb dimer using the Atari site and T4 DNA 
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ligase. The cDNA was size-fractionated by electrophoresis In Sea Plaque 
agarose (FMC BioProducts, Rockland, ME) and fragments 0.6-8.5 kb 
were isolated and ligated to the 8sfXI- and alkaline phosphatase-treated 
MMLV retroviral vector pCTV1 B (27). £ coli MC1061/p3 were transformed 
by electroporation and selected in soft agar as above. 

Retroviral Transduction. The libraries were analyzed In two transfec- 
tion experiments performed on consecutive days. For each library, ten 
10-cm dishes of BOSC23 ecotropic packaging cells at 80%-90% con- 
fluence were transfected using 30 of plasmid DNA/dish (29). The 
transfection efficiency for these cells was -60%, as determined using a 
j3-gal control plasmid. Viruses were collected in a volume of 9.0 ml/dish at 
36-72 h after transfection, filtered, and the 9.0 ml was expressed into a 10 
cm dish containing RK3E cells at -30% confluence. Polybrene was 
added to a final concentration of 10 jxg/ml. After 15 h, and every 3 days 
thereafter, the cells were fed with growth media (1 7). A total of 20 RK3E 
dishes were transduced for each library. A 0-ga! retroviral plasmid trans- 
duced at least 20-30% of RK3E cells in control dishes. For colony assays, 
hygromycin was used at 100 jug/ml. Cell proliferation rates for trans- 
formed cell lines was measured by plating 2 x 10 s cells in duplicate and 
counting cells 96 h later using a hemacytometer (Table 3). 

PCR Recovery of Proviral Inserts. PCR reactions used 200 ng of cell 
line genomic DNA, 20 mM Tris-HCI (pH 8.8), 87 mM potassium acetate, 1 .0 
mM MgCI 2 , 8% glycerol, 2% DMSO, 0.2 mM of each dNTP, 32 pmol of 
each primer (5'-CCTCACTCCTTCTCTAGCTC-3'; 5'-AACAAATTGGAC- 
TAATCG ATACG - 3 ' ; Ret. 27), 5 units of Taq polymerase (Life Technolo- 
gies, Inc., Gaithersburg, MD), and 0.3 units of Pfu polymerase (Stratagene, 
La Jolla, CA) in a volume of 0.05 ml. Cycling profiles were: 95°C for 1 min; 
then 95°C for 10 s, 59°C for 40 s, 68°C for 8 min (35 cycles). 

RNA Extraction and Northern Blot Analysis. Tumor samples were 
obtained through the Tissue Procurement Facility of the University of 
Alabama at Birmingham Comprehensive Cancer Center and the Southern 
Division of the Cooperative Human Tissue Network. Microdissection was 
used to isolate tissue composed of >70% tumor cells. Total RNA was 
isolated as described (59), then denatured and separated on a 1.5% 
formaldehyde agarose gel and transferred to nitrocellulose (Schleicher 
and Schuell, Keene, NH). Pre hybridization was at 42°C for 3 h in 50% 
formamide, 4 x SSC [SSC is 150 mM NaCI, 15 mM sodium citrate (pH 7.5)], 
0.1 M sodium phosphate (pH 6.8), 0.1% sodium PP h 0.1% SDS, 5 x 
Denhardt's, and 25 /xg/ml denatured salmon sperm DNA. Hybridization 
was at 42°C for 16-20 h. The hybridization mixture contained 45% form- 
amide, 4 x SSC, 0.1 M sodium phosphate (pH 6.8), 0.075% sodium PP i( 
0.1% SDS, 10% dextran sulfate, and 100 /ig/ml denatured salmon sperm 
DNA. After hybridization, the filter was washed twice in 2 x SSC, 0.1 % 
SDS for 20 min at room temperature, then washed in 0.3 x SSC, 0.3% 
SDS for 30 min at 59°C (for detection of rat transcripts) or 65°C. For 
stripping of hybridized probes, the filter was placed in a solution of 2 x 
SSC, 25 mM Tris-HCI (pH 7.5), 0.1% SDS at initial temperature of 95°C, 
and shaken for 10 min at room temperature. 

ISH. ISHs were conducted as described (60), using sense and anti- 
sense 35 S-labe!ed riboprobes generated from a 301 -bp EcoRI fragment 
derived from the GKLF 3' UTR positioned 40 bases from the stop codon. 
A GAPDH antisense probe corresponding to bases 366-680 (accession 
M33197) was synthesized using a commercially available template (Am- 
bion, Inc., Austin, TX). All results were obtained in duplicate. High strin- 
gency washes were in 0.1 x SSC and 0.1% (v/v) 2-mercaptoethanol at 
58°C for GKLF or 68°C for GAPDH. Slides were coated with emulsion and 
exposed for 14 days. 

Nucleotide Sequencing. Automated sequence analysis was per- 
formed for the two independent GKLF isolates using vector-derived prim- 
ers and sense or antisense primers spaced at 400-bp intervals within the 
inserts. The complete sequence was obtained for both clones, with one of 
the clones analyzed for both strands. Primer sequences are available 
upon request. GKLF sequence was submitted to GenBank (accession 
AF1 05036). 
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ABSTRACT 

Genetic alterations found in carcinomas can alter specific regulatory 
pathways and provide a selective growth advantage by activation of 
transforming oncogenes. A subset of these genes, including wild-type 
alleles of GLI or c-MYC, and activated alleles of R AS or p~catenin, exhibit 
transforming activity when expressed in diploid epithelial RK3E cells in 
vitro. By in vitro transformation of these cells, the zinc finger protein 
GKLF/KLF-4 was recently identified as a novel oncogene. Although 
GKLF is normally expressed in superficial, differentiating epithelial cells 
of the skin, oral mucosa, and gut, expression is consistently up-regulated 
in dysplastic epithelium and in squamous cell carcinoma of the oral cavity. 
In the current study, we used in situ hybridization, Northern blot analysis, 
and immunohistochemistry to detect GKLF at various stages of tumor 
progression in the breast, prostate, and colon. Overall, expression of 
GKLF mRNA was detected by in situ hybridization in 21 of 31 cases 
(68%) of carcinoma of the breast. Low-level expression of GKLF mRNA 
was observed in morphologically normal (uninvolved) breast epithelium 
adjacent to tumor cells. Increased expression was observed in neoplastic 
cells compared with adjacent uninvolved epithelium for 14 of 19 cases 
examined (74%). Ductal carcinoma in situ exhibited similar expression as 
invasive carcinoma, suggesting that GKLF is activated prior to invasion 
through the basement membrane. Expression as determined by Northern 
blot was increased in most breast tumor cell lines and in immortalized 
human mammary epithelial cells when these were compared with finite- 
life span human mammary epithelial cells. Alteration of GKLF expression 
was confirmed by the use of a novel monoclonal antibody that detected the 
protein in normal and neoplastic tissues in a distribution consistent with 
localization of the mRNA. In contrast to most breast tumors, expression of 
GKLF in tumor cells of colorectal or prostatic carcinomas was reduced or 
unaltered compared with normal epithelium. The results demonstrate that 
GKLF expression in epithelial compartments is altered in a tissue-type 
specific fashion during tumor progression, and suggest that increased 
expression of GKLF mRNA and protein may contribute to the malignant 
phenotype of breast tumors. 



INTRODUCTION 

Multiple physiological changes lead to acquisition of the malignant 
phenotype. These include self-sufficiency in growth signaling, insensi- 
tivity to growth-inhibitory signals, inhibition of apoptosis, immortaliza- 
tion, induction of angiogenesis, and the ability to invade and metastasize 
(1, 2). Genetic analyses of inherited predispositions to develop specific 
carcinomas enabled isolation of tumor suppressor genes important in both 
inherited and sporadic disease (3), and subsequent functional studies 
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identified certain of these genes as regulators of classical transforming 
oncogenes. Thus, alterations in the tumor suppressor patched (PTC J), or 
in other molecules that transduce the hedgehog signal, result in activation 
of GLI mRNA expression in virtually all basal cell carcinomas of the skin 
(4-7). In contrast alterations in the adenomatous polyposis coli (A PC) 
pathway activate the j3-catcnin/TCF-4 complex and transcription of 
c-KiYC and cyclin DI during colorectal tumor progression (8. 9). Mod- 
ulation of the PTC1 and APC pathways by alteration of the mouse 
genome provides additional support of a role for these gene products in 
specific tumor types (10-14). Therefore, these pathways exhibit proper- 
ties of a gatekeeper, indicating that alteration of the pathway in a specific 
tissue is rate-limiting for tumor progression, and that alterations are found 
in a large proportion of inherited as well as sporadic tumors (15, 16). 

By expression cloning we recently identified the zinc finger protein 
GKLF 3 as a novel transforming oncogene when expressed in RK3E 
cells, a diploid epithelial cell line derived from primary rat kidney 
cells and immortalized with adenovirus El A (17). cDNA libraries 
were prepared using mRNA from human oral squamous cell or breast 
carcinoma cell lines, tumor-rypes not reported to exhibit frequent 
genetic alterations that activate well -characterized oncogenes such as 
RAS, GLI, or $-catenin (18). Retroviral transduction of these libraries 
into RK3E cells induced morphologically transformed foci, 1 1 of 
which were subsequently attributed to enforced expression of wild- 
type human c-MYC. Two other transformed foci contained independ- 
ently derived, wild-type alleles of GKLF. No other genes were iden- 
tified in the screen, suggesting that only a select subset of all 
oncogenes are able to transform these cells. 

Whereas enforced expression of a human wild-type GKLF trans- 
gene in RK3E cells induces morphological transformation in vitro and 
tumori gen i city in athymic mice, the doubling time of GKLF-express- 
ing cells was considerably longer than for RK3E cells (27 h versus 
12 h, respectively; Refs. 17, 19). Similar results were obtained for 
other oncogenes, including GLI and c-MYQ as cells expressing these 
genes exhibited doubling times of 18 and 19 h, respectively. These 
oncogenes may therefore function in epithelial cells by interfering 
specifically with contact inhibition rather than by inducing a more 
general increase in the rate of cell division. 

In support of a role for GKLF as an oncogene, we observed 
increased expression of GKLF mRNA during progression of squa- 
mous cell carcinomas of the oropharynx. As demonstrated by mRNA 
ISH analysis of surgical specimens, expression in normal epithelial 
cells is limited to the differentiating compartment. Expression in 
dysplastic oral epithelium is increased overall and is found in all cell 
layers, and GKLF is expressed at similar levels in dysplasia and in 
invasive carcinoma. These results identified loss of the compartment- 
specific pattern of GKLF mRNA expression in epithelium as a can- 
didate mechanism of tumor progression in oral cancer (17). 

GKLF encodes a DNA-binding transcription factor with functional 



3 The abbreviations used are: GKLF, gut-enriched Kriippel-like factor: DOS. ductal 
carcinoma in situ: GAPDH, glyeeraldehyde-3-phosphate dehydrogenase: HMEC, human 
mammary epithelial cell; IDC, internal ductal carcinoma: ISH. mRNA in situ hybridiza- 
tion; SAGE, serial analysis of gene expression. 
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domains that mediate activation or repression of transcription (20- 
22). GKLF is essential for the barrier function of skin, because 
homozygous knockout mice exhibit morphologically normal skin but 
die postpartum due to dehydration (23). Transcriptional targets of 
GKLF that may be relevant to epithelial differentiation have been 
preliminarily identified (23-25). As shown by analysis of normal 
mouse or human tissues, GKLF is preferentially expressed in differ- 
entiating epithelial cells of the skin, gut, oral cavity, and thymus (17, 
20. 23, 26, 27). In contrast to human oral squamous cell carcinoma, 
expression of GKLF mRNA was found to be reduced in mouse 
models of intestinal tumorigenesis or hyperpro liberation (28, 29). 
Independently, analysis of human colorectal mucosa and tumors by 
SAGE confirmed the earlier studies in mice (30, 31). Specifically, 
mRNA from specimens of normal colonic mucosa generated GKLF 
tags at frequencies of 138 or 99 per million SAGE tags, whereas 
mRNA from a microdissected tumor generated only 20 tags per 



million. These results suggested that GKLF expression is regulated 
during neoplastic progression in a rumor type-specific fashion. 

Increased expression of specific oncogenes in tumors can result 
from genetic alterations and play a causal role in tumor progression. 
Alternatively, expression of some oncogenes is cell cycle dependent, 
and increased expression can occur as a consequence of increased 
proliferation or altered cell cycle occupancy of tumor cells. In mul- 
tiple normal tissues as well as in certain cell lines, GKLF expression 
is reduced in actively cycling cells compared with terminally differ- 
entiated or growth -arrested cells, and enforced expression of GKLF in 
cultured cell lines can retard cell cycle progression (26, 32). These 
properties predicted that GKLF expression might be reduced in tu- 
mors, as observed in colorectal carcinoma, [ncreased expression in 
other tumor-types is therefore somewhat unexpected and may result 
from specific alterations in the pathways that regulate GKLF tran- 
scription in normal cells. 



H&E 



GKLF-AS 



Fig. I. ISH analysis of 
GKLF mRNA in carcinoma of ihe 
breast. Two distinct cases were an- 
alyzed by applying an anti sense 
(GKLF-AS) [ M S]-1abeled RNA 
probe to sections of paraffin- 
embedded (A) or fresh-frozen (B) 
surgical material. Brightfield (left) 
and darkfield (right) views are 
shown. Sections were stained with 
H&E. Hybridization to a sense con- 
trol probe resulted in an average of 
0.4 grains/nucleus (not shown). ,4, 
two areas of the same slide are 
shown, with un involved (i.e.. mor- 
phologically normal) breast epithe- 
lium (upper plate) adjacent to an 
area (lower plate) containing DOS 
(arrowheads) and additional un- 
involved i issue (arrows). H, I DC 
admixed with cords of stroma. 
Scale bars - 160 fxm. 
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To better understand the spectrum of tumor-types that exhibit 
GKLF activation, we obtained samples of breast carcinoma, colorectal 
carcinoma, and prostatic carcinoma and analyzed expression of GKLF 
in malignant cells and in adjacent normal-appearing epithelium (i.e., 
uninvolved epithelium). The results show that levels of GKLF mRNA 
and protein are each up-regulated before invasion in a majority of 
cases of breast cancer, but not in tumors of the colorcctum or prostate. 
In neoplastic lesions of the breast as well as in cultured mammary 
epithelial cells in vitro, increased GKLF expression appears to pre- 
cede overtly malignant behavior. The potent transforming activity of 
GKLF /'/; vitro, the tumor type-specific activation of expression in 
vivo, and activation early during tumor progression identify this 
oncogene as a potential effector of tumor progression in the breast. 

MATERIALS AND METHODS 

Tissue Procurement. Fresh-frozen and paraffin-embedded samples were 
obtained through the Tissue Procurement Core Facility of the University of 
Alabama at Birmingham Comprehensive Cancer Center and through the 
Southern Division of the Cooperative Human Tissue Network. 



Table 1 mRNA 1SH analysis of GKLF in tumors 0 
Carcinoma of the breast 



GKLF-AS 



Case 


PE/FF 


U 


D 


T 


GKLF-S 


GAPDH-AS 


1 


FF 


0.5 


2.5 




0.0 




2 


FF 






2.0 


0.0 


+ 


3 


FF 


0.0 




1.0 


0.0 


+ 


4 


FF 






0.0 


0.0 


+ 


5 


FF 






0.0 


0.0 


NT 


6 


FF 






0.0 


0.0 


NT 


7 


FF 




2.0 


2.0 


0.0 


NT 


8 


FF 


0.0 


1.0 


1.0 


0.0 


NT 


9 


FF 






0.0 


0.0 


NT 


10 


FF 






0.0 


0.0 


NT 


11 


FF 






0.0 


0.0 


NT 


12 


FF 






0.5 


0.0 


NT 


13 


FF 


0.0 




0.5 


0.0 


NT 


14 


FF 






0.5 


0.0 


NT 


15 


PE 






1.5 


NT 


+ 


16 


PE 


0.0 




1.0 


NT 


+ 


17 


PE 


0.0 




1.0 


NT 


+ 


18 


PE 


0.0 




2.0 


NT 


+ 


19 


PE 






0.0 


NT 


+ 


20 


PE 


1.0 


2.0 


1.0 


NT 


+ 


21 


PE 


0.5 




1.5 


NT 




22 


PE 


0.5 


2.0 


2.0 


NT 


+ 


23 


PE 


1.0 




1.0 


0.0 


+ 


24 


PE 


0.5 


1.0 


1.2 


0.0 




25 


PE 


0.3 


1.2 


1.2 


0.0 


+ 


26 


PE 


0.5 


1.5 


1.5 


0.0 


■f 


27 


PE 


0.0 


0.0 


0.0 


0.0 


+ 


28 


PE 


0.0 


0.0 


0.0 


0.0 


+ 


29 


PE 


0.0 


0.0 


0.0 


0.0 


•f 


30 


PE 


0.5 


1.0 


1.0 


0.0 


+ 


31 


PE 


0.0 


1.0 


1.5 


0.0 


0.0 


Carcinoma of the prostate 








GKLF-AS 








Case 


PE/FF 


U 


PIN 


T 


GKLF-S 


GAPDH-AS 


1 


PE 


1.0 




0.0 


NT 


+ 


2 


PE 






0.0 


NT 




3 


PE 


1.0 




1.0 


NT 


+ 


4 


PE 


1.0 


1.0 


0.0 


NT 


0.0 



" Results obtained for sense (S) or antisense (AS) probes are presented. Scoring of 
GKLF used a scale of 0.0-4.0 as described in "Materials and Methods," whereas GAPDH 
was scored as detected (+) or undetected (0.0). Numbers indicate the level of gene 
expression for histologically distinct tissue within the same section. A dash (-) indicates 
that no tissue in the section exhibited the specific histopathologic feature. PE, paraffin- 
embedded; FF, fresh-frozen; U, uninvolved or morphologically normal epithelium; D, 
ductal carcinoma in situ\ PIN, prostatic intraepithelial neoplasia; T, invasive tumor cells; 
NT, not tested. 



1.8 
1.6- 
1.4- 
I 1.2- 
£ 1.0 



< 



0.8-1 
0.6 
0.4 
0.2 
0.0 



N=12 
p=0.0011 



N=18 
p=0.0001 



N=16 
p=0.8045 



Li 



I 



Fig. 2. GKLF mRNA expression in normal and neoplastic breast tissue. The data in 
Table 1 was analyzed using a paired / test. Sample size (N), statistical significance (p), and 
SE are indicated for each comparison. Uninv., uninvolved ducts. 

mRNA Expression. ISH was conducted as described (17) using sense and 
antisense [ 35 S]-labeled riboprobes prepared by in vitro transcription of a cDNA 
fragment corresponding to the 3' untranslated region of human GKLF. A 
GAPDH antisense probe corresponding to bases 366-680 (GenBank accession 
no. M33I97) was synthesized using a commercially available template (Am- 
bion, Inc., Austin, TX). High stringency washes were in 0.1 X SSC and 0.1% 
(v/v) 2-mercaptoethanot at 58°C for GKLF or 68°C for GAPDH. Slides were 
coated with emulsion and exposed for 14 days. The number of silver grains/ 
nucleus were counted within representative areas by two individuals, and a 
score from 0.0 to 4.0 was recorded. A score of 0.0 indicated only nonspecific 
background, as determined using the sense control, and 1 .0 corresponded to an 
average of four grains/nucleus. 

Breast adenocarcinoma cell lines were obtained from the American Type 
Culture Collection (Manassus, MD). HMECs were described previously and 
were cultured in mammary epithelial basal media (Clonetics Corp., Walkers- 
ville, MD: Ref. 33). Extracts were prepared from exponentially growing cells 
at 70% confluence, and total RNA isolation and Northern blot analysis were 
performed as described (17). 

Isolation of an Anti-GKLF Monoclonal Antibody. The region of the 
human GKLF cDNA encoding bases 479-1197 (GenBank accession no. 
AF 105036) was cloned into plasmid pET-32a and expressed in Escherichia cofi 
BL21(DE3) bacteria as a histidine-tagged protein. Protein was purified from the 
bacteria after induction with isopropy!-l-thio-j3-D-gaiactopyranoside using a His- 
Trap Ni-agarose column (Amersham Pharmacia Biotech. Piscataway, NJ) and 
eluted with 500 mvt imidazole. Purified protein was used to immunize two mice, 
and lymphocytes were fused with murine myeloma cells (PX63-Ag8.653) as 
described previously (34). Hybridomas that were immunoreactive in an ELISA 
assay for the purified antigen were cloned and recloned by limiting dilution. 
Positive clones were identified by ELISA. and an lgGI antibody (cyGKLF) was 
purified from ascites on a protein A affinity column. 

Immunohistochemistry. Tissues were fixed in neutral buffered formalin 
and embedded in paraffin. Deparaffinized tissue sections were incubated with 
aGKLF at a concentration of 1.0 /xg/ml for 1 h at room temperature, and 
processed as described (35). Immunodetection was performed using a bioti- 
nylated secondary antibody, streptavidin-horseradish peroxidase detection sys- 
tem (Signet Laboratories, Dedham, MA), and the ehromogenic substrate dia- 
minobenzidine (Biogenex, San Ramon, CA). Sections were counterstained 
with hematoxylin. Results were scored by using a 0.0 to 4.0 scoring system 
where 4.0 corresponds to a saturated signal (36). 

Statistical Analyses. Paired / tests were used to compare the differences in 
expression in breast epithelial cells at various stages of tumor progression (37). 
Pearson correlation coefficients were used to compare results obtained by ISH 
to those obtained for the same cases using immunohistochemistry. 

RESULTS 

GKLF mRNA Expression Is Up-Regulated during Breast 
Tumor Progression. Previously, SAGE analysis of purified normal 
breast epithelial cells detected GKLF transcripts at an abundance of 
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Pig. 3. Immunostaining of hu- 
man tissues with ctGKLF mono- 
clonal antibody. Each panel (A-Q 
illustrates adjacent areas of a tis- 
sue section. A. un involved oral ep- 
ithelium (left) and invasive oral 
squamous cell carcinoma {right). 
Arrowheads indicate the basal cell 
layer, whereas arrows indicate 
invasive carcinoma. Staining of 
tumor cells and of superficial 
epithelial cells is indicated by a 
brown precipitate. 5, a section of 
small bowel illustrating increased 
staining of superficial epithelium 
{left) compared with cells deeper 
within crypts (right). C, a case of 
colorectal carcinoma, with in- 
creased staining of uninvolved su- 
perficial mucosa (left) compared 
with adjacent tumor cells (right). 
Scale bar for C (left panel) = 45 
/urn; other scale bars - 140 fxm. 




40 tags per million (31, 38), and Northern blot analysis of breast 
tumor cell lines revealed the presence of GKLF transcripts (1 7). Using 
sense and antisense [ 35 S]-1abeled riboprobes, we examined the ex- 
pression of GKLF mRNA in 31 cases of carcinoma of the breast. 
Specificity of hybridization was determined by using the sense probe 
as a negative control or by hybridization of the antisense probe to 
human foreskin, in which GKLF was specifically detected in supra- 
basal epithelial cells (not shown). 

Expression of GKLF was detected in malignant cells in 21 of 31 
cases of ductal adenocarcinoma (68%, Fig. I, Table 1). For several 
cases that exhibited no detectable expression of GKLF, prominent 
expression of the housekeeping gene GAPDH was observed, indicat- 
ing that overall mRNA integrity was maintained and that failure to 
identify GKLF transcripts may reflect reduced levels of expression. 
GKLF expression was increased in malignant cells of 14 of 19 cases 
that contained adjacent uninvolved epithelium (Fig. \A). For 7 of 
these 14 cases, no specific signal was detected in adjacent uninvolved 
epithelium. In the other seven cases, expression was detected in both 
uninvolved and malignant cells, with expression of GKLF in malig- 
nant cells increased by 3- to 5-fold compared with uninvolved epi- 
thelium. Within tumors, expression of GKLF was specific to malig- 
nant cells, with little or no expression detected in stromal components 
(Fig. \B). 



GKLF expression in DCIS was not significantly different from 
invasive carcinoma, but expression in both lesions was higher than for 
uninvolved breast epithelium (Table I, Fig. 2). In contrast to results 
obtained in breast tumors, examination of several cases of prostatic 
carcinoma revealed equal or reduced expression in tumor cells com- 
pared with adjacent uninvolved glandular epithelial cells (Table I ). In 
summary, the results suggest that GKLF mRNA expression is acti- 
vated in approximately two-thirds of breast carcinomas, and that 
expression in positive cases is consistently induced in DCIS before 
invasion. 

Characterization of a GKLF-specific Monoclonal Antibody. 

An IgGl isotype antibody raised against bacterially expressed 
GKLF was subsequently referred to as aGKLF. Immunoblot anal- 
ysis of GKLF-transformed RK3E cells and control cell lines de- 
tected a single protein species of 55 kDa consistent with the 
predicted size of the full-length polypeptide (data not shown). 
Compared with RK3E cells or control cell lines transformed by 
other oncogenes, apparent GKLF abundance was increased by 
several-fold in each of two cell lines transformed by the human 
expression vector. The epitope recognized by the antibody may be 
denaturation-sensitive, as a signal was obtained only after over- 
night exposure of autoradiographic film using a standard chemi- 
luminescence protocol. The antibody was not sufficiently sensitive 
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Tabic 2 Immunohistochemical analysis of GKLF in tumors" 



Carcinoma of the breast 



Uninvolved DCIS Invasive tumor cells 



Case 


Nucleus 


Cytoplasm 


Nucleus 


Cytoplasm 


Nucleus 


Cytoplasm 


23 


0.25 


0.45 






0.35 


0.55 


24 


0.50 


1.30 


1.00 


1.30 


1. 00 


1.30 


25 


0.65 


0.95 


0.45 


1.40 


0.38 


1.35 


26 


0.18 


0.75 


0.03 


1.20 


0.12 


1 .05 


27 


0.10 


1.30 


0.00 


1.10 


0.05 


0.50 


28 


0.10 


0.30 


~ 


~ 


0.35 


0.20 


29 


0.00 


0.00 


0.10 


0.75 


0.05 


0.75 


7n 
jU 


0.00 


0.20 


0.10 


1.05 






31 


0.00 


0.10 


0.65 


0.65 


0.70 


1.15 


32 


0.25 


0.55 


0.55 


0.75 


0.42 


0.85 


33 


0.80 


0.45 






0.50 


1.25 


34 


0.18 


0.50 






0.45 


1.15 


35 


0.30 


0.35 


0.60 


1.60 


0.65 


1.50 


36 


0.00 


0.05 


0.55 


1.70 


0.75 


1.00 


37 


0.70 


0.60 






1.65 


1.80 


38 






0.00 


0.90 


0.00 


1.50 


39 


0.55 


0.70 


0.75 


0.85 


1.75 


1.75 


40 


0.35 


0.50 


0.75 


0.90 


0.75 


0.85 



Colorectal carcinoma 



Case 




Normal Superficial* 




Normal Deep'' 




Tumor'' 


Nucleus 


Cytoplasm 


Nucleus 


Cytoplasm 


Nucleus 


Cytoplasm 


1 


0.45 


1.00 


0.25 


0.05 


0.00 


0.85 


2 


0.40 


0.60 


0.40 


0.25 


0.20 


0.35 


3 


0.15 


1.15 


0.30 


0.80 


0.25 


0.85 


4 


0.00 


1.30 


0.00 


0.15 


0.00 


0.80 


s 










0.00 


0.65 



" Immunohistochemical scores indicate the intensity of staining of histologically distinct tissue within the same section. A dash (-) indicates that no tissue in the section exhibited 
the specific histopathologic feature. All samples were paraffin-embedded. 

h Differentiating epithelial cells located in the superficial portion of intestinal mucosa. 

Epithelial cells deep within intestinal mucosa. 
J Analysis included both adenomas and adenocarcinomas. 



to detect GKLF by immunoblot analysis of extracts of human 
tumor cell lines that express the endogenous GKLF mRNA. 

The cell type- and tumor type-specific patterns of GKLF mRNA 
expression were used to examine the specificity of aGKLF in immu- 
nohistochemical assays. These patterns can be summarized as follows. 
Human GKLF mRNA is detected by ISH in differentiating cells of 
oral epithelium, and is markedly elevated in oral tumors (17). The 
mRNA is not detected in morphologically normal basal or parabasal 
cells, particularly within epidermal pegs that extend further into the 
submucosa. Mouse GKLF mRNA is similarly found to be more highly 
expressed in superficial, differentiating cells of the skin and gut, and 
is reduced or absent in basal epithelial cells in both tissues (20, 23, 
26). In contrast to human oral and breast cancer, GKLF mRNA 
expression is reduced in mouse colorectal tumors compared with 
normal epithelium (29), and is similarly reduced in human colorectal 
cancer as indicated by SAGE (31). 

The staining pattern of aGKLF exhibited a strict concordance with 
detection of GKLF mRNA (Figs. 3 and 4, Table 2). In positive tissues, 
aGKLF exhibited a mixed nuclear and cytoplasmic staining pattern. 
For uninvolved epithelium, DCIS, and invasive breast carcinoma 
alike, the average cytoplasmic staining was 1.8- to 2.5-fold greater 
than nuclear staining, suggesting that subcellular localization was not 
altered during breast tumor progression in any consistent fashion. 
Cytoplasmic staining was subsequently used as a more sensitive 
indicator of overall expression. 

Tn several samples of skin or oral squamous epithelium, aGKLF 
bound specifically to differentiating suprabasal epithelial cells (Fig. 
3,4). Compared with adjacent uninvolved epithelium, staining was 
markedly increased in malignant cells for each of several cases of 
squamous cell carcinoma with little or no staining of stromal compo- 



nents of the tumor, as shown previously for the mRNA (17). Likewise, 
staining was increased in superficial cells compared with cells deeper 
within epithelial crypts of the small bowel (Fig. 3B) or the large bowel 
(Table 2; P = 0.043). Tn contrast to oral and breast tumors, staining 
was reduced in tumor cells compared with adjacent superficial epi- 
thelial cells for each of four cases of human colorectal adenoma or 
carcinoma examined (Fig. 3C, Table 2; P - 0.027). 

Expression of GKLF Protein Is Increased during Neoplastic 
Progression in the Breast. Eighteen cases were tested for GKLF 
expression by immunohistochemistry (Table 2, Fig. 4). Nuclear 
and cytoplasmic staining of normal breast epithelium, DCIS, and 
invasive carcinoma were semiquantitatively assessed. Low-level 
staining of tumor cells was observed for 6 cases (e.g.. cytoplasmic 
staining ranging from 0.20 to 0.85), with 1 1 cases exhibiting 
higher-level staining (e.g., cytoplasmic staining ranging from 1.00 
to 1.75). These results arc consistent with detection of the mRNA 
in approximately two-thirds of tumors by ISH. For cases 23-31, 
which were analyzed by both ISH and immunohistochemical stain- 
ing, results of the two methods exhibited a close correlation that 
reached statistical significance for invasive carcinoma cells 
(N - 8; coefficient = 0.77; P = 0.024). In DCIS, the correlation 
was moderate, although the sample number was small (N = 7; 
coefficient = 0.43 ). Perhaps because of the overall lower level of 
expression in uninvolved tissue, the correlation was weakest in 
uninvolved ducts. Minor differences observed for the two methods 
may be attributed to differences in sensitivity and specificity, to 
false negative results attributable to partial degradation of mRNA 
in some surgical samples, or to analysis of nonserial sections of the 
same tissue block. As observed in uninvolved tissue adjacent to 
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Fig. 4. Immunostaining of breast tissue with ocGKLF. A, a tissue section containing uninvolved epithelium (left, arrowheads) adjacent to invasive carcinoma (right). B, a different 
case showing invasive carcinoma cells with a mixed nuclear and cytoplasmic staining pattern. C, a tissue section containing an uninvolved duct (left panel) adjacent to both DC1S (right 
panel, arrows) and invasive carcinoma (right panel, arrowheads). Scale bars: A = 120 /xm; B — 30 ^.m; C = 60 /im. 



tumors, staining was low or undetectable for each of five cases of 
reduction mammoplasty (data not shown). 

Apparent GKLF expression as determined by nuclear or cytoplas- 
mic immunostaining was increased in both DOS and invasive carci- 
noma compared with uninvolved ducts (Table 2, Fig. 5). For mor- 
phologically normal ducts, staining of myoepithelial cells was not 
significantly different from that of luminal epithelial cells (P = 0.303, 
data not shown). However, staining of neoplastic cells in DOS was 
significantly increased compared with myoepithelial cells within the 
same ducts (P - 0.0001), which was consistent with other studies 
indicating similarities between tumor cells and luminal epithelial cells 
(39). 

Analysis of GKLF in Cultured Breast Epithelial Cells. Northern 
blot analysis of breast tumor cell lines revealed variable levels of 
GKLF expression relative to a tubulin control (Fig. 6). GKLF expres- 
sion was high in MCF7 and ZR75-I; intermediate in BT474, BT20, 
MDAMB361, and SKBR3: and reduced in MDAMB453 and 
MDAMB231. Thus, expression in six of eight breast rumor-derived 
cell lines was increased relative to 184 cells, an H MFC population of 
finite life span derived from normal breast tissue after reduction 
mammoplasty (Lane /). Expression was similarly increased in 184A1 
cells (33). These immortalized cells were derived from 184 cells by 
treatment with benzo(c;)pyrene. They are wild-type for p53 and 
p!05 kb and are anchorage-dependent and nontumorigenic in animals. 
The results obtained for breast tumor cell lines support the conclusion 



that GKLF expression is up-regulated at the mRNA level in most 
breast tumors, whereas activation in 184A1 cells is consistent with 
identification of GKLF induction as an early event. 

DISCUSSION 

Oncogenes such as c-MYC, GLl, and GKLF function in a regulated 
fashion in normal epithelium to control cellular proliferation and 
differentiation (5, 6, 8, 23, 40, 41). Analysis of well -characterized 
tumor types such as colorectal carcinoma and basal cell carcinoma of 
the skin suggests that genetic alterations cluster within specific path- 
ways, rather than within any specific gene, and that these pathways 
can function as regulators of oncogene transcription (42. 43). An 
activity common to several oncogenes implicated in carcinoma is the 
ability to induce transformed foci in the RK3E assay (17, 44, 45). This 
assay is highly specific, as foci result from expression of tumor- 
derived mutant (but not wild-type) alleles of RAS or p~catenin (Rcf. 
45 and data not shown), and only GKLF and c-hfYC were identified 
in a large screen (17). The assay also detects a distinct subset of 
oncogenes compared with other host cell lines. With the exception of 
RAS, the oncogenes that transform RK3E cells do not induce foci in 
N1H3T3 cells (17, 44, 45). 

G KLF encodes a zinc finger transcription factor of the GLl-Kruppel 
family (46) and is distinct from many other oncogenes in that expres- 
sion in normal tissue is observed in terminally differentiating epithe- 
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Fig. 5. Staining of uninvolved and neoplastic breast tissue by aGKLF. The data in 
Table 2 were analyzed using a paired t test. Sample size (AO, statistical significance (p), 
and SE are indicated for each comparison. Uninv., uninvolved ducts. 

Hal cells. In addition, expression is induced in association with cell 
growth -arrest in vitro (26). As predicted by these observations, ex- 
pression in certain tumor-types is reduced compared with the relevant 
normal epithelia. Thus, GKLF expression is reduced in colorectal 
tumors, a result supported by multiple approaches including analysis 
of RNA extracted from tissues (29), SAGE (31), and immunohisto- 
chcmical analysis of human tissues (this work). ISH analysis of 
several prostatic tumors likewise indicates that GKLF is expressed in 
normal prostatic epithelium, and that expression can be lost during 
tumor progression. 

In contrast to colorectal and prostatic carcinoma, GKLF expression 
is activated in both invasive carcinoma and preinvasive neoplastic 
lesions during progression of most breast carcinomas and virtually all 
oropharyngeal squamous cell carcinomas. Breast and oral cancers 
share a number of additional molecular alterations. Loss-of-tunction 
mutations frequently affect p53 and pl6/CDKN2, whereas a smaller 
proportion of tumors (5-20%) exhibit gene amplification of c-MYC, 
eye/ in O/, erbB- family members including the EGF receptor and 
er&B-2/HER-2//N?//, or others (47-51). Unlike carcinomas of the GI 
tract or skin, neither breast nor oral carcinoma is reported to exhibit 
frequent genetic alterations that activate known transforming onco- 
genes such as RAS y fi-catenin, e-MYC, or GLl. By analogy with 
oncogenes in other tumor types, disruption of the pathways that 
control GKLF mRNA expression in breast epithelial cells and in oral 
mucosa represents a potential mechanism of tumor initiation or pro- 
gression in vivo. 



The pattern of GKLF expression in normal epithelia may provide 
clues as to how GKLF functions in tumor progression. Stratified 
squamous epithelium contains at least four functionally distinct com- 
partments (52, 53). The stem cell compartment is composed of cells 
within the basal cell layer that exhibit a capacity for self-renewal, but 
which rarely divide. The transit-amplifying compartment is composed 
of cells within the basal or parabasal cell layers that exhibit rapid cell 
division but a reduced capacity for self-renewal. Differentiation oc- 
curs within the prickle cell layer that contains identifiable desmo- 
somes, leading to the outermost, keratinized superficial layer. 
Whereas mechanisms regulating transitions from one compartment to 
the next remain poorly understood, c-MYC activation can induce stem 
cells to enter the highly proliferative transit-amplifying compartment 
(40). Because self-renewal and rapid cell division occur in distinct cell 
types, the organization of compartments enables the rapid turnover of 
epithelial cells while minimizing the possibility of sustaining perma- 
nent genetic damage in stem cells. 

The observation that GKLF functions normally in the prickle cell 
layer suggests that each of the three compartments (stem cell, transit- 
amplifying, and prickle layer) expresses a transforming activity or a 
critical function (e.g., self-renewal or proliferation) that may contrib- 
ute to the progression of carcinoma. These compartments appear to be 
intermingled in dysplastic stratified squamous epithelium, with 
prickle layer markers including GKLF misexpressed in the basal 
layers, whereas other basal or parabasal markers are misexpressed in 
superficial layers. Loss of compartment-specific patterns of gene 
expression may result in coexpression of the properties of several 
compartments in a single cell. For example, specific properties of the 
prickle cell layer, such as reduced cellular adhesion to basement 
membranes, altered adhesion to other cells, and/or loss of the cellular 
mechanisms that mediate contact inhibition could confer invasive or 
metastatic properties to oral carcinomas. 

To better understand the mechanism of transformation, we are 
characterizing transcriptional alterations induced by GKLF when ex- 
pressed in epithelial cells in vitro. In the future, identification of 
upstream regulators of GKLF transcription in epithelial cells may 
elucidate the pathways that regulate GKLF and the mechanism of 
deregulation of GKLF in specific tumor-types. 
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Fig. 6. Northern blot analysis of GKLF expression in human breast tumor cell lines. 
Total RNA from the indicated cell lines was analyzed. Lane /, finite-life span H MIX'S. 
Lane 2, be nzo(«)pyrene- treated, immortalized HMECs. Lanes 3-10, breast carcinoma- 
derived cell lines. Ume. IL SCO 5. a human oral squamous cell carcinoma-derived cell 
line. Lane 12. a RAS-iransfomied rat cell line. The filter was stripped and hybridized to 
a ^-tubulin probe. 
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